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Foreword 


The challenges and opportunities that nations and regions of the world face with 
regard to food security today and in the future can benefit greatly from scientific 
and technological innovations that continue to be the hallmark of human ingenuity 
in this era of increasing global competition for limited resources on planet Earth. 
Securing food, fibre, feed, and energy for the current inhabitants and future gen- 
erations is one of the grand challenges facing humans in this century, and perhaps 
the next one, especially in light of rapid changes in the Earth’s planetary system. 
This handbook is dedicated to the research findings by a team of several hundred 
distinguished scientists, policy experts, and decision makers from around the world 
who worked together, through the AgMIP and by way of their national programs and 
contributions, to assess the current state of scientific understanding and knowledge 
of the food systems in order to address this global grand challenge. 

There are several unique features in this handbook and it is the content that sets it 
apart from other science-based assessments and reports. First, it is solution-oriented 
in that the findings and recommendations are intended to be actionable by stake- 
holders and decision makers who were an integral part of the assessment process. 
This participatory approach enabled the findings and outcomes to be accessible and 
useful for adaptive measures towards a more sustainable food system for present 
and future generations. Second, the regional and sectoral focus of the assessment, 
based on newly developed Representative Agricultural Pathways (RAPs), potential 
pathways for development that account for specific and unique soil—crop—climate 
conditions regionally and globally. Third, the multidisciplinary team of scientists 
and decision makers that AgMIP recruited and engaged in the assessment process 
facilitated sharing of the best available information and knowledge to accomplish 
the stated goals of this project. 

Fourth, these efforts helped in advancing the state of scientific understanding, 
knowledge, and sharing of and access to attendant capabilities, such as observa- 
tions, models, and analysis tools, by all those involved in the project without any 
restriction. This was further enhanced through sharing of the results openly at sci- 
entific and technical stakeholder workshops and events, and by including them in 
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major international science-based assessments, such as the Global Environmental 
Outlook-6 (GEO6) and the Intergovernmental Panel on Climate Change (IPCC) 
assessment reports. 

The first chapter in this handbook sets the stage by identifying and describing 
the goals and objectives of this major and seminal scientific effort, and the outcomes 
of the entire process. It identifies the key ingredients for the success of such efforts 
(e.g., participatory and stakeholder engagement) and the lessons learned. The sub- 
sequent chapters describe in greater depth and detail the soil-crop—climate-specific 
analyses conducted for specific regions across the globe. The chapters provide rich 
and innovative approaches that were developed for the first time to accomplish the 
stated goals and objectives. The key ingredients for success were identified as vol- 
untary contributions of highly motivated and enthusiastic participants from around 
the world, the financial support of international development programs, such as 
UK DFID, USAID, and international organizations, and national sponsorship of 
scientists and experts for the programs of interest. 

We are delighted to have the opportunity to write this foreword, as co-chairs 
of the AgMIP Steering Council who oversee the AgMIP governance and scientific 
and technical efforts. We believe this handbook is the best indicator of how AgMIP 
is fulfilling its mission, “to significantly improve agricultural models, and scien- 
tific and technological capabilities, for assessing impacts of climate variability and 
change and other driving forces on agriculture, food security, and poverty at local 
to global scales”, and is a clear and distinct example of how science and technology 
can serve society. 


Ghassem Asrar 
Co-Chair, AgMIP Steering Council 
Senior VP of Science, Universities Space Research Association 


Jean-Francois Soussana 

Co-Chair, AgMIP Steering Council 

Vice-Chair for International Research Policy, Institut National de Recherche pour 
L'agriculture, L’alimentation et L’environnement 
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Foreword 


Columbia University’s Earth Institute is delighted to host the Coordination Unit 
of the Agricultural Model Intercomparison and Improvement Project (AgMIP). Its 
mission is to improve significantly the agricultural models and scientific and tech- 
nological capabilities for assessing the sustainability of agricultural systems. These 
include evaluating the impacts of climate variability and longer-term change, as 
well as other factors influencing agriculture, food security, and poverty at local 
to global scales. AgMIP is a unique international collaboration with over 1,000 
modelers who enable this mission by creating a next-generation knowledge platform 
for agricultural modeling worldwide. 

The second Sustainable Development Goal has as its aim ending hunger, achiev- 
ing food security, improving nutrition, and promoting sustainable agriculture. It is 
shocking that, following the world’s widespread development of living standards of 
the past decades, a third of people still suffer some form of malnutrition. This will get 
worse because of climate change. To this and other ends, Columbia is establishing a 
Climate School, within which AgMIP is playing a central role. The Climate School 
provides students, researchers, faculty, and our many colleagues and partners in New 
York and around the world with an effective and novel vehicle for both focusing and 
expanding the university’s activities around climate, sustainability, and the human 
interface with planet Earth. 

Few universities can match the potential for this Columbia-wide activity. The 
Climate School will bring together many of its world-leading capabilities in cli- 
mate that currently are based in centres of the Earth Institute, such as the Center 
for Climate Systems Research (where AgMIP is headquartered), the International 
Research Institute for Climate and Society, the Center for International Earth Science 
Information Network, and the Lamont-Doherty Earth Observatory. 

The Climate School has many areas of research, but the focus on food has the 
goal of ensuring everyone has a sufficiency of the right kinds of nourishment now 
and into the future, no matter where they live. At the same time, the Climate School 
is working to transition to a food system that is sustainable for the planet. This means 
that we must transform the ways we grow food crops and raise animals; how food 
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is transported, processed, packaged, and marketed; and what and how much food is 
wasted in order to keep the planet healthy. 

The Climate School, including AgMIP, now is developing a Major Program on 
Food for Humanity to build healthy and sustainable food systems that are resilient, 
economical, and equitable in the face of climate-related shocks and stressors. This 
8-to-10-year project would develop a roadmap, activities, and partnerships for 
transforming existing food systems into healthy and sustainable ones, exploiting 
the co-benefits of improved nutrition, better livelihoods, reduced environmental 
impacts, and greater climate resilience. 

Therefore, AgMIP is a key ingredient and partner in Columbia’s ability to tackle 
the climate crisis. We look forward to further joint working and to being able to host 
more conferences and other activities in this area. 


Sir Alex Halliday 
Director of the Earth Institute at Columbia University 
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Foreword 


Anthropogenic climate change is now affecting almost every natural and managed 
system. Whether it’s through sea level rise, changing statistics of weather extremes, 
or climatological shifts, impacts are being seen in agricultural productivity, regional 
water resources, and throughout urban and coastal areas. Additional human activities 
such as deforestation and agriculture are also altering ecosystems and their own 
natural processes are affecting atmospheric composition and climate themselves. 

At the NASA Goddard Institute for Space Studies (GISS) co-located with the 
Columbia University Center for Climate Systems Research (CCSR), the Climate 
Impacts Group focuses on how changes in climate are affecting human society. 
Their mission involves cutting-edge research on climate change impacts on local, 
national, and global scales in order to provide scientific input for stakeholder-driven 
research on climate change adaptation, mitigation, and implementation. As part 
of that mission, they advance programs, projects, and partnerships with multiple 
international scholars and stakeholders. The Climate Impacts Group is strongly 
focused on food security and agriculture, and uses remote sensing data products for 
vegetation, land use, and soil moisture. 

The most prominent of their projects is the Agricultural Model Intercompari- 
son and Improvement Project (AgMIP). This is a research coordination network 
launched in 2010 to focus on coordinated assessments of climate, crops, livestock, 
and economic impacts of climate extremes and long-term changes (climate, socioe- 
conomic, and technological). The research includes more than 35 specific activities 
in collaboration with a broad community of global leaders and teams. Examples 
include the development of near-term climate scenarios, seasonal forecasting, coor- 
dinated global and regional modeling, crop species model improvement, and glob- 
ally gridded modeling. Researchers are utilizing AgMIP protocols to explore crop 
model intercomparisons over multiple crops, models, and time periods. 

Current AgMIP projects are underway on 5 continents, including a sustained 
project engaging a number of partners and stakeholders in Africa with support from 
UK DFID and IDRC. As the AgMIP international hub, CCSR also helps organize, 
coordinate, and produce research outputs including journal articles, reports, and 
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books. This volume is the second AgMIP Handbook in the World Scientific Series 
on Climate Change Impacts, Adaptation, and Mitigation. It describes the methods 
and results of the AgMIP project on Regional Integrated Assessment of climate 
change and farming systems in Africa and South Asia. 

NASA GISS is proud to host AgMIP, a project that has significantly advanced 
the scientific rigor and open access of climate impact assessments on agriculture 
through multi-modeling ensembles, enhanced interoperability, and high-quality data 
and tools. 


Gavin Schmidt 
Director, NASA Goddard Institute for Space Studies 
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Preface 


It is a great pleasure to welcome the new volume, Climate Change and Farming 
System Planning in Africa and South Asia: AgMIP Stakeholder-driven Research, in 
the ongoing World Scientific Publishing series on Climate Change Impacts, Adap- 
tation, and Mitigation. The series presents cutting-edge research on climate change 
and key sectoral interactions, with a special focus on the food system. 

This volume is a milestone for the Agricultural Model Intercomparison and 
Improvement Project (AgMIP) as it marks the fruition of a multi-year project funded 
by the United Kingdom’s Department for International Development (UK DFID). 
The project advanced the field of climate change impacts and adaptation in agri- 
culture through the development of the AgMIP Regional Integrated Assessment 
(RIA) methodology. The RIA method provides significant improvements to climate 
change assessments through a stakeholder-driven farming system approach that 
is interdisciplinary (climate, crop, livestock, and economics experts), multi-scale 
(farm, region, and global), and multi-model (ensembles of global climate models 
and crop models), with results that identify the most vulnerable groups of farmers 
through distributional analysis. 

We especially welcome the AgMIP Regional Research Teams from Africa and 
South Asia who contributed to this volume. Your work is helping your own and 
other countries to respond to the challenges of a changing climate. 


Cynthia Rosenzweig and Daniel Hillel 
Series Editors 
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Chapter 1 


Overview of AgMIP Regional 
Integrated Assessment 


Cynthia Rosenzweig**', Alex C. Ruane**', Carolyn Z. Mutter’*, 


Tak 


Erik Mencos Contreras'’*, and Alessandro Moscuzza* 


*NASA Goddard Institute for Space Studies, New York, NY, USA 
Ìt Center for Climate Systems Research, Columbia University, 
New York, NY, USA 


* Department for International Development, London, UK 


Introduction 


The global food system is challenged to become sustainable in multiple ways. It 
needs to produce adequate nutrition for the rising world population, provide sustain- 
able livelihoods for farmers all over the world, and reduce detrimental environmen- 
tal effects, all while addressing the challenge of climate change. The Agricultural 
Model Intercomparison and Improvement Project (AgMIP) is a unique international 
collaborative effort that assesses the state of global and regional agriculture, with 
a specific focus on understanding the impacts of climate variability and climate 
change and developing effective solutions. 

This volume is primarily focused on the work that AgMIP accomplished in 
the DFID-funded Regional Integrated Assessment (RIA) project in Sub-Saharan 
Africa (SSA) and South Asia (SA). AgMIP’s mission was to improve substantially 
the characterization and understanding of how food security in SSA and SA will 
be affected by future climate variability and change. The AgMIP project developed 
new fundamental innovative protocol-based methodologies for RIAs, while enhanc- 
ing the capacity of developing countries to address the challenges brought on by 
current and future climate stresses (see Appendix A in Part 1). 
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Structure and Scope 


The AgMIP RIA project was structured around two main components. The first 
component involved regional research teams made up of over 150 crop modelers, 
economists, and climate scientists from around the world who focused on improving 
the capacity and reliability of computer-based models to predict the impact of current 
and future climate conditions on a number of agricultural regions growing major 
staple and cash crops (e.g., wheat, maize, rice, sorghum, millet, groundnut, and 
cotton). Since livestock is an important component of many smallholder farming 
systems, livestock modelers were also engaged in the project as well. These modeling 
improvements are described in Part 1 of this volume. 

The second component focused on the development of a range of products 
and outputs, which are based on the data and scientific findings made by the 
regional modeling teams and scientists. This included seven competitively selected 
RIA teams, which analyzed smallholder farming systems throughout SSA and SA 
and assessed the impacts that climate (both current and future) has across locations 
and regions. The regional chapters in Part 2 of this volume present the methods and 
results for the seven integrated assessments. 

As described in Chapter 3 in Part 1, these assessments were based on a range 
of scenarios called “Representative Agricultural Pathways” (RAPs), which pro- 
vide a realistic picture of how the farming systems may evolve over the next few 
decades, taking into account a number of factors such as economic growth, price 
changes, technology transfer and uptake, socio-economic development, and gov- 
ernance issues. Using the RAPs, the RIA teams conducted comparative analyses 
of current and future farming systems with and without climate change, and with 
and without adaptation packages. Each team was multi-disciplinary and consisted 
of climate scientists, crop and livestock experts, economists, IT specialists, and 
stakeholder engagement specialists. 

Most previous studies of regional climate change impacts on agriculture suf- 
fered from paucity of data and contradictory results from different climate and crop 
models, separation from stakeholder concerns, poor integration among their various 
elements, and lack of realism or relation to problems faced by policymakers, plan- 
ners, and farmers on the ground. The methods and approaches used for the RIAs and 
RAPs that were developed under AgMIP addressed these shortcomings by applying 
innovative solutions, which consisted of the following elements: 


1. Stakeholder Engagement: Each AgMIP RIA team had an embedded stakeholder 
liaison, who was trained in initiating and sustaining stakeholder interactions by a 
Stakeholder Unit, which set the standards for stakeholder engagement activities 
across the whole project. This enabled ongoing interaction and engagement witha 
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range of stakeholders, who informed the framing of the main research questions. 
The feedback from end-users of AgMIP products has also substantially influ- 
enced the decision-making process of the science and modeling teams within each 
region. See Appendix B in Part 1 for a description of the stakeholder engagement 
processes carried out in the seven regions. 

. Farming Systems: Previous climate impact studies usually considered only one 
aspect of farming (e.g., crops or livestock). The new AgMIP RIA approach takes 
as its primary unit of analysis the “smallholder farming system”, recognizing that 
these systems often consist of multiple crops and livestock, as well as off-farm 
income. All of these are taken into account in the new approach, allowing for a 
much more realistic assessment of likely changes to future farming systems and 
the range of plausible adaptations to be tested. 

. Interdisciplinary Collaboration: The AgMIP RIA approach recognizes that no 
one discipline can address the complexities of climate impacts. Therefore, the 
RIA teams consisted of climate scientists, crop and livestock experts, economists, 
IT specialists, and social scientists with expertise in stakeholder interactions. 

. Vulnerability: Smallholder farming systems within any of the study regions 
are highly heterogeneous with regard to biophysical and economic conditions. 
The AgMIP RIA approach incorporates this high degree of heterogeneity and 
thereby avoids the assumption of universal impacts, enabling identification of 
the most vulnerable farmers and ways they can respond to climate stresses most 
effectively. Impacts on poverty are included explicitly. 

. Multi-Scale/Multi-Model Protocols: The AgMIP RIA is undertaken across 
field, farm, regional, and national scales, with inputs from global data and mod- 
els. Multiple climate scenarios and crop models are used in order to characterize 
and reduce uncertainty. This enhances the clarity and reliability of results that 
are presented to stakeholders, and strengthens the use of the results as evidence 
for decision-making. See Chapter 2 in Part 1 for a comparison of the DSSAT and 
the APSIM models as utilized in this project. 


Outputs 


AgMIP activities in SSA and SA have substantially improved our understanding of 
the likely impacts of future climate change on agricultural production and farming 
systems in SSA and SA. They also characterized the main challenges that will be 
faced by government planners and farmers. 

The main outputs delivered by the project include: 


e The AgMIP project has significantly improved the capability and reliability 
for integrating major crop models with climate, livestock, and agricultural 
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economic models to produce the best possible characterization of smallholder 
farming systems analyses available globally. As a result of this effort, we now 
have a much more detailed understanding of how current and future climate con- 
ditions can affect the physiology and productivity of various staple crops across a 
number of regions throughout SSA and SA and how this will affect food security 
for millions of people. 

The AgMIP project has created a global community of practice, which 
includes several hundred among the most notable and internationally 
renowned crop modelers and scientists. This global community continues to 
operate virtually, thus ensuring a substantial legacy and continuing impact on the 
advancement of scientific understanding in this field of research. 

The AgMIP project created multiple peer-reviewed RIAs and RAPs, which 
examined the interactions between future climate change, technological and 
socio-economic development in 10 countries, as well as testing the effective- 
ness of agricultural adaptation interventions and packages in each country 
(see Fig. 1). 

AgMIP scientists are now situated and recognized within regional networks 
of key decision-makers and government agencies advancing climate-related 
policy processes across SSA and SA. 

A major highlight of the AgMIP project is the development of the “AgMIP 
Impacts Explorer” (AgMIP-IE) (see Chapter 4 in Part 1). This is an online tool 
that is being used to present complex results from crop, climate, and economic 
models, as well as the RIAs and RAPs, in a way that is easily accessible and 
understandable (Fig. 2). The main users of the AgMIP-IE are intended to be 
officials from government departments, international development agencies, and 
other stakeholders, who have an interest or need to access this kind of information 
to plan agricultural interventions and policies. 

A range of communications products were also created by each AgMIP team 
to translate technical findings into accessible information that supports evidence- 
based decision-making. These include policy briefs, fact sheets, a webpage, and 
a number of blog posts, which were circulated among relevant stakeholders in the 
regions (Fig. 1). 


Impact 


A number of stakeholders from international, national, and regional organizations 
(e.g., World Bank, DFID, CGIAR, UNDP, Govt. of India, Govt. of Zimbabwe, 
Govt. of Pakistan, Govt. of Ghana, and Govt. of Uganda) have been involved in 
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the development of AgMIP outputs and products. For example, AgMIP findings 
and results were included in the South Africa section of the 2017 FAO report on 
methodologies for crop yield forecasting. AgMIP protocols and tools have been 
taken up for wide use in national and international research programmes, translating 
into a large number of leveraged outcomes and broad overall impact. Several of these 
are now also using AgMIP findings to inform their policies and investments. 

At the regional level, AgMIP Regional Research Teams (RRTs) have under- 
taken intensive engagement with regional stakeholders to define and characterize 
the socio-economic and environmental changes, vulnerabilities, and challenges that 
will shape the future of agricultural production and farming practices in SSA and 
SA. Furthermore, by participating in AgMIP, over 50 researchers and crop modelers 
from SSA and SA have significantly improved their capacity to use agricultural mod- 
els, generate scientific evidence, and develop interdisciplinary research applications 
in ways that will leave a lasting legacy of good practice. 

Some direct evidence of impact follows involving examples of situations 
where AgMIP influenced policy and/or decision-making directly. This evidence 
is reinforced by quotes from partner government official and policymakers who 
were engaged with the AgMIP project. 

The Makueni County local government in Kenya was seeking scientific 
information, case studies, and recommendations on options for climate change 
adaptation to help its citizens develop resilience to the changing climate. Partly 
influenced by evidence and information provided by AgMIP, the county passed a 
law that sets aside 1% of its KES 5 billion annual development budget towards 
climate change adaptation. The County Climate Change Fund (CCCF) regulation 
passed by the Makueni County Assembly was the first of its kind in Kenya and 
Africa. In this context, the Head of Sustainable Economic Development Team 
from DFID Kenya lauded Makueni for setting the pace for other counties to 
follow. 

The Chief Officer for Agriculture, Livestock and Fisheries in Makueni County 
also noted: 


Research on appropriate farming technologies including viable crop varieties and livestock 
breeds that was developed and carried out under AgMIP is central in helping Makueni 
County achieve food security and alleviate poverty. 


Along similar lines, the Principal Researcher for the Climate Change Manage- 
ment Department (CCM Dpt.), at the Ministry of Environment, Water and Climate 
in Zimbabwe provided extensive commentary on the utility of AgMIP findings for 
decision-making: 


AgMIP research, scenarios and impacts assessments can meaningfully inform national pri- 
orities for policy, research and development. The project raised awareness about the possible 
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impacts of technology options for farming systems, in the context of future uncertainties, 
associated opportunities and limitations. 


The department has direct access to the Ministry, and through solid evidence can 
influence national decision processes. 

The Pakistan AgMIP team supported stakeholder groups to reformulate criteria 
and processes for decisions on land use planning. This led also to the creation of 
new agro-ecological zones that will facilitate more informed decision-making about 
crop selection, water allocation, fertilizer subsidies, development of new seeds, post- 
harvest facilities, and marketing strategies. 

In this context, the Planning Director from the Land Use Planning Office — 
Department of Agriculture in Pakistan, observed that: 


In AgMIP meetings the Punjab Agricultural Secretary raised the issue of redefining Agro- 
Ecological Zones. The existing zones have become outdated, limiting their use for guiding 
agricultural decision-making in the province. 


Significant Findings 


Across the entire AgMIP RIA project, several new key findings and major messages 
emerged: 


e In the current climate, integrated strategies including management and market 
interventions such as improved cultivars, switches in cropping systems, and mar- 
ket development can significantly improve smallholder farming livelihoods in 
many locations. 

e Regions with minimal fertilizer applications are often more limited by soil fertility 
than by climate factors. Improving fertility is essential in these regions. 

e In the future, even with anticipated agricultural development, climate 
change generally will exert negative pressure on farmer livelihoods in most 
locations. 

e Furthermore, the changing climate will not affect all farmers in the same way. 
Aggregated reporting of impacts hides significant variability in vulnerability and 
impacts to poverty among different groups of farmers. 

e Climate change is more detrimental to some crops than others and these differ- 
ences need to be taken into account in developing adaptation packages. Targeted 
adaptations for future climate change include improved heat and drought-tolerant 
crop and livestock varieties, sowing practices, and fertilizer applications. 

e Future adaptations will be able to overcome a portion of negative climate change 
impacts on smallholder farmers, but will not compensate completely in many 
locations. 
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Forthcoming Work and Ongoing/Future Impact 


Some of the activities that were initiated under the AgMIP RIA project are contin- 
uing. Examples of these include: 


e The AgMIP RIA approach and methods that were developed are currently being 
incorporated into new research and planning processes across SA and SSA. Some 
of these are led by AgMIP regional research team members, with additional 
applications for regions in development around the world. 

e These regional assessments form a major building block for the Coordinated 
Global and Regional Assessments (CGRA) that AgMIP is undertaking for the 
Intergovernmental Panel on Climate Change (IPCC) Sixth Assessment Report 
(AR6). 

e Scientific evidence generated under AgMIP has been used in the AgMIP 1.5C 
Assessment for the IPCC Special Report on 1.5C (IPCC 2018; Rosenzweig et al., 
2018; Ruane et al., 2018; Antle et al., 2018; Faye et al., 2018). 

e The AgMIP RIA approach is contributing to the Global Alliance for Climate- 
Smart Agriculture (GACSA) and the CGIAR Climate Change, Agriculture and 
Food Security (CCAFS) Research Program. 


The AgMIP RIA project has realized a significant achievement in that it has cre- 
ated a new culture of stakeholder engagement to drive application-oriented research 
and informed decision-making in 10 countries across SSA and SA. These stake- 
holders played an active role in setting the areas of focus for AgMIP RIAs, most 
notably in the development of RAPs and adaptation packages, which covered a 
number of regions and locations within each of the 10 countries where the project 
worked. A large and diverse cross-section of stakeholders has been engaged in shap- 
ing and developing the RIAs, RAPs, and adaptation packages, which are reflective 
of realities and challenges faced by agricultural professionals in these geographies. 

A number of AgMIP researchers (both from developed and developing countries) 
have become key actors in adaptation planning processes and risk management 
interventions related to the countries and regions included in the AgMIP project. 
Policies and adaptation packages developed for these RIAs are understood as the 
beginning of a sustained conversation, whereby the latest science and ideas for 
intervention will be combined to determine priority actions. The 15 institutions that 
collaborated with the AgMIP RRTs now have the ability to operate complex crop 
and economic models and utilize AgMIP protocols to conduct RIAs and RAPs. 
These AgMIP researchers, methods, tools, and data are now in high demand across 
the academic and scientific community for continuing and parallel projects and 
applications. 
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Lessons Learned and How These Have Been Shared 


Effective stakeholder engagement was critical to the success of the AgMIP RIA 
project, especially with regard to the development and uptake of products and outputs 
aimed at sharing results from models and research more widely. We learned about 
the vital importance of being able to communicate, present, and share complex 
technical messages with wider audiences that go beyond the academic/scientific 
community to involve decision-makers and planners in order to maximize impact. 

The breadth and depth of stakeholder engagement activities are crucial, with 
active effort required to extend the boundaries of stakeholder engagement and com- 
munication and to focus on interacting with other potential user communities. These 
include engaging with national ministries and regional agencies who are key actors in 
implementing agricultural development and climate adaptation plans in developing 
countries. The generation of relevant RAPs, adaptation packages, key messages, and 
other products needs to be underpinned by an iterative process of co-development 
and co-analysis supported by targeted capacity development. 

The AgMIP community of scientists has grown and evolved with the RIA project 
(See Appendix C in Part 1). This was evidenced by the significantly improved ability 
to work in partnership with a broad range of stakeholder partners. The project has 
demonstrated how proactive listening and effective stakeholder engagement can lead 
to substantially improved results and achievements. 


Structure of This Volume 


This volume is structured in two parts. Part 1 presents the methods and tools devel- 
oped for AgMIP RIAs and gathers together the major findings and conclusions from 
the assessments. Part 2 consists of chapters that describe the specific work done in 
each of the regional assessments in SSA and SA. Beyond these studies in Africa 
and Asia, Part 2 also contains a chapter on AgMIP activities in Latin America and 
a chapter that looks forward to extending the AgMIP methods and tools to national 
stakeholders. 
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Introduction 


In the Agricultural Model Intercomparison and Improvement Project (AgMIP) 
(Rosenzweig et al., 2013, 2017), we have explored and learned the value of using 
multiple crop models to project the effects of climate change on crop production, in 
order to provide model users with more confidence in the ensemble predictions of 
multiple models, as opposed to trusting the predictions of any single model. Simply 
stated, crop models have been developed by different modeling teams and are dif- 
ferent in structure and parameterization. This causes the models to have somewhat 
different growth, development, and yield responses to given weather, management, 
and soil conditions. 

In the AgMIP Regional Integrated Assessment (RIA) project, resources have 
limited us to using only two crop model systems: the Agricultural Production Sys- 
tems Simulator (APSIM) and the Decision Support System for Agrotechnology 
Transfer (DSSAT). Our goal in this chapter is to identify and understand the dif- 
ferences between the APSIM and DSSAT models for maize, wheat, rice, sorghum, 
millet, and peanut for their responses to CO, temperature, water, and N fertilization 
(CTWN). Comparison of crop system responses to these fundamental factors has 
proven productive for applications across a number of scales and AgMIP activities 
(Ruane et al., 2017). 

Our approach will be to discuss model sensitivity to N fertilization, CO, response, 
and rainfall separately and, in that order, considered over all the crops because the 
issues for response to N fertilizer and rainfall occur and repeat across the crop types, 
and are often similar for both the APSIM and DSSAT models. The CO, response 
is unique as the contrast is mostly C-3 versus C-4 type crops, but the crops/models 
are similar within C-3 or C-4 crop types. For temperature responses, we follow 
one crop at a time, discussing model differences in simulated responses at different 
sites, including a discussion of parameterization that creates model differences for 
APSIM versus DSSAT. Based on the CTWN exercises, we illustrate how simulated 
responses to CO, and rainfall are influenced by, and have interaction effects depen- 
dent on, N fertilization and the N-supplying capacity of the soil. The responses 
to temperature and rainfall are dependent on the ambient conditions of sites for 
temperature and rainfall. 
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Materials and Methods 


Introduction to APSIM crop models 


APSIM Version 7.7 (www.apsim.info) and its evolution as a farming systems 
research model for application in high- and low-production cropping systems around 
the world are described by McCown et al. (1996), Keating et al. (2003), and 
Holzworth et al. (2014). The APSIM software platform links modules of different 
crops (selected on a plug-in/plug-out basis, including crop mixtures) with com- 
mon modules of soil water balance, surface organic matter, soil N and C balances 
(P optional), crop and soil management, and weather input and output/reporting. 
APSIM includes crop modules for many crops, including maize, sorghum, millet, 
wheat, peanut, and rice as simulated in this project. The crop modules (both C-3 
and C-4) share a common template for crop development and biomass accumula- 
tion and partitioning, although APSIM-Maize (derived from CERES-Maize with 
modifications for tropical conditions (Carberry ef al., 1989)) and APSIM-Wheat 
have yet to be standardized (but conform to the template in terms of their growth 
and development processes). The rice model in APSIM directly incorporates the 
ORYZA2000 model (Bouman and van Laar, 2006; Gaydon et al., 2012) and is also 
not standardized. 

All APSIM crop models except APSIM-ORY ZA use the radiation-use efficiency 
(RUE) approach, based on the fraction of light intercepted, species-specific RUE, 
and modifiers of RUE (depending on temperature, vapor pressure deficit (VPD), and 
CO, when >350ppm). Daily biomass accumulation is the minimum of potential 
biomass derived for non-stressed intercepted radiation on a day and an estimate 
based on available soil water for transpiration on that day. The APSIM water balance 
is a tipping bucket method derived from CERES-Maize (Probert et al., 1998) and 
includes a dynamic Curve Number for estimating runoff using routines from the 
PERFECT model (Littleboy ef al., 1999). The bare-soil curve number is adjusted 
for antecedent soil moisture conditions (typically to 450-mm depth) and variations 
in canopy and mulch cover effects over the course of a growing season. 

Soil evaporation in APSIM uses the Priestley and Taylor (1972) approach to 
estimate potential atmospheric demand, adjusted for cover conditions of canopy 
and surface residues, and the Ritchie (1985) two-stage soil evaporation model to 
determine actual Es. 

Transpiration is based on the transpiration efficiency (TE) approach. The TE 
method computes daily transpiration based on daily dry matter gain (from RUE 
module) multiplied by TE. The TE is a species-dependent function of VPD and 
CO; that operates on daily VPD to estimate crop water demand. 

The capabilities of APSIM to simulate CO, effects on C-3 crop growth have 
been tested empirically with APSIM-Wheat and applied for all C-3 crops in APSIM 
as reported by Van Uytrecht and Thorburn (2017). Effects of the increasing levels 
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of CO, are captured by modifiers to RUE, TE, and a reduction in N stress on 
photosynthesis using look-up functions. The same modifier coefficients and CO2 
effects as used for wheat are employed for all the APSIM C-3 crop modules in this 
project, except for APSIM-Maize and APSIM-Sorghum, for which CO, does not 
modify RUE. APSIM-ORYZA uses leaf-level photosynthesis, which is sensitive to 
CO) at the leaf level (Bouman et al., 2001; Bouman and van Laar, 2006). 


Introduction to DSSAT crop models 


The DSSAT software Version 4.5.1.023 (Hoogenboom et al., 2015; www.dssat.net) 
includes more than 40 crop models which share the same soil water bal- 
ance, same soil N balance, and same soil C balance modules (in that 
respect, the module approach is very similar to APSIM). The CERES-Maize, 
CERES-Sorghum, CERES-Millet, CERES-Wheat, CERES-Rice, and CROPGRO- 
Peanut models were used in this project. The DSSAT models are described 
by Jones et al. (2003) and related papers. The CERES-style models use 
the RUE approach, based on the fraction of light intercepted, RUE, and 
modifiers of RUE (depending on temperature and CO 2; see Boote ef al. 
(2010) for a description of the CO, modifier on RUE for CERES-style 
C-3 and C4 crops in DSSAT). The CROPGRO models in DSSAT use leaf-level 
photosynthesis (based on rubisco kinetics theory) scaled up to canopy assimila- 
tion (Boote and Pickering, 1994; Pickering ef al., 1995), along with growth and 
maintenance respiration following the approach of Penning de Vries et al. (1974). 

The soil water balance in DSSAT uses the tipping bucket method (Ritchie, 1998). 
Thus, APSIM and DSSAT have a very similar soil water balance approach (see 
Boote et al. (2009) and Ritchie (1998) for detailed descriptions of root water uptake, 
soil evaporation, crop transpiration, and water stress computation). There are sev- 
eral options for evapotranspiration including FAO-56 (Allen et al., 1998), but the 
Priestley—Taylor approach (1972) was used because of a lack of data on humidity 
and wind speed. Water stress on photosynthesis (dry matter accumulation) occurs 
when root water uptake cannot meet transpiration demand. 

There are two DSSAT options for soil C balance and N mineralization; Godwin— 
Papran (Godwin and Singh, 1998), and DSSAT-CENTURY (Gijsman et al., 2002), 
of which the DSSAT-CENTURY option was used for all the DFID project simula- 
tions because it is more appropriate for degraded soils and unfertilized conditions. 
While the soil N balance and root N uptake are similar within the DSSAT models, the 
CERES and CROPGRO modules have different approaches for handling N stresses 
in the plant. For a more detailed description of soil-crop N balance processes, see 
Godwin and Singh (1998) and Boote et al. (2008), and for information on soil C bal- 
ance, see Gijsman et al. (2002), Basso et al. (2011), and Porter et al. (2010). Methods 
for initializing the stable C pool (SOM3) for DSSAT-CENTURY are described by 
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Basso et al. (2011) and Porter et al. (2010). A comprehensive evaluation of the 
CERES-Maize, Wheat, and Rice models is available from Basso et al. (2016). 


Experimental data for regions and calibration for distributions 
of yields within farm surveys 


The regional teams in West Africa, East Africa, South Africa, Southeast Africa, 
Pakistan, and South India obtained farm survey yield data for selected crops from 
households in their regions, and matched this with available farm management infor- 
mation, historical weather, soil information, and local cultivars (calibrated from 
experiments in their regions). Unfortunately, we were lacking knowledge of initial 
conditions for all survey yield fields including initial inorganic N and soil water sta- 
tus, and prior crop residue, all of which influence yield levels via N supply and water 
supply, especially for low-input farming systems. Furthermore, somewhat generic 
soils for the sites were used rather than actual observed soil characteristics. There- 
fore, soil water-holding traits and soil organic C were not specific to the actual farms. 

Despite these deficiencies of information, the teams attempted to mimic the yield 
distributions present in farmer fields (50—100 farms) substantially by the setting of 
the stable soil carbon pools for soils used by the two crop models as well as modifying 
rooting patterns and soil water-holding traits. As pointed out by Godwin and Singh 
(1998), yield of non-legumes is highly sensitive to initial conditions, particularly 
initial available N; thus, the adjustments of stable soil organic matter (SOM3) and 
F-inert to higher than expected values are artefacts of not having the initial conditions 
and accurate soil information. 


Evaluation of Model Sensitivities to CO2, Temperature, 
Rainfall, and N Factors 


The teams selected representative farms from the “mid-range” within the dis- 
tribution of farm yields on which to evaluate DSSAT and APSIM model sim- 
ulations for response to CTWN. The sensitivity ranges for CTWN were 360, 
450, 540, 630, and 720 ppm for CO2; —2°C, ambient, +2°C, +4°C, +6°C, and 
+8°C for air temperature; 25%, 50%, 75%, 100%, 125%, 150%, 175%, and 
200% ambient for rainfall; and 0, 30, 60, 90, 120, 150, 180, and 210 kgNha7! 
of applied N, all done as single-factor responses (limits set following Ruane 
et al., 2014). Model simulations were conducted for 30-year historical records 
(historical weather if available or the AZMERRA climate forcing dataset; Ruane 
et al., 2015). Then, the means of the 30-year results were computed and reported 
in the graphs that show the responses to CTWN for APSIM and DSSAT. 
For more details on protocols followed in the AgMIP-DFID modeling, see 
Thorburn et al. (2015). 
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Results and Discussion 


Our approach will be to discuss model sensitivity to N fertilization, CO response, 
and rainfall separately and, in that order, considered over all the crops because the 
issues for response to N fertilizer and rainfall occur and repeat across the crop types, 
and are often similar for both the APSIM and DSSAT models. The CO, response 
is unique as the contrast is mostly C-3 versus C-4 type crops, but the crops/models 
are similar within C-3 or C-4 crop types. For temperature responses, we follow one 
crop at a time, discussing model differences in simulated responses at different sites, 
including a discussion of parameterization that creates model differences for APSIM 
versus DSSAT. Sometimes regional effects will be highlighted where responses 
differed by regions created by the local starting point conditions (cool versus warm 
sites, good versus degraded soils, low-N versus high-N fertilization, or rainfed versus 
irrigated sites). 


Nitrogen Response Depends on SOM Pools and SOM Mineralization 


While the two model systems differed somewhat in responses to CO2, temperature, 
and rainfall for the different crop types, the most important lesson learned was the 
need to set soil carbon pools (stable carbon pool, SOM3, for DSSAT-CENTURY, 
and the inert carbon pool, Finert, for APSIM) in order to mimic reasonable response 
of non-legumes to N fertilization for degraded soil conditions. The response to N 
fertilization from 0 to 210 kg Nha™! in steps of 30 kgNha~! showed that SOM3 
and Finert had to be set correctly to mimic the yields obtained for zero N fertil- 
izer, while the yield levels at the high-N fertilization represent the genetic potential 
of the cultivar selected, which is another important but challenging feature to set 
correctly for the crop models. Note that most farmers in Africa apply little to no 
N fertilizer. Setting soil organic C pools was a problem for all non-legume crops 
(maize, sorghum, millet, wheat, and rice) because knowledge of initial available 
inorganic N and prior crop residue was not available; in addition, the soil organic C 
used for the fields was obtained from somewhat generic soils, so even that did not 
correspond exactly to the real farmer’s field. 

Getting the N response correctly, especially the yield at zero N fertilization, is 
much more important than the climate response or CO, response in many cases. The 
need for correct N response is important because the teams typically used N fertiliza- 
tion as one of their first-choice intervention options for improving production. The 
fraction of stable C (SOM3-CENTURY) was often surprisingly high (up to 0.97), and 
Finert for APSIM also had to be higher than expected (APSIM modelers suggested a 
cap of 0.70 for topsoil layers which was bumped up in some cases) when low yields 
were found to be associated with soils of high soil organic carbon contents. 
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Fig. 1. Simulated maize yield response to N fertilization for the APSIM- and DSSAT-Maize models 
under supplemental irrigation in South India (a) and under rainfed conditions in the Republic of South 
Africa (b), calibrated for high genetic potential yield. The conditions in the Republic of South Africa 
site are strongly rainfall limited. 


oO 


Maize grain yield responses to N fertilization are shown for an irrigated crop 
in South India (Fig. 1a)), rainfed crop in the Republic of South Africa (Fig. 1”b)), 
and for three rainfed sites in Kenya (Fig. 2) where yield potential varies because 
of elevation—temperature-rainfall, along with native soil fertility variation. The 
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Fig. 2. Simulated maize yield response to N fertilization under rainfed conditions for APSIM and 
DSSAT models at high (a), medium (b), and low (c) potential zones varying in elevation in Kenya. 
The site in the low-potential zone in Kenya is strongly rainfall limited, especially evident for DSSAT. 
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simulated grain yield at zero N fertilization ranges from 500 to 2000 kgha™!, being 
as low as 500 kgha™! at the low-fertility sites such as Kenya (Fig. 2) and West Africa 
(data not shown). However, this is achieved only after setting a high fraction for stable 
soil C. The initial response to N fertilization is linear from 0 to 60 kg N kgha™! at 
all sites, including India (Fig. 1), Kenya (Fig. 2), and East, West, and Southeast 
Africa. In general, the response to N fertilization is less at rainfall-limited sites 
(Figs. 1(b) and 2(c)) but greater for irrigated sites (Fig. 1a), South India) and 
higher-rainfall sites (Figs. 2(a) and 2b)). Under water limitation, both the APSIM 
and DSSAT models show higher year-to-year variability in yield especially at higher 
N fertilization levels (Figs. 1“b) and 2c)). All CTWN simulations were done over 
30 years, which is illustrated by the length of the box-and-whisker bars in the figures. 
The year-to-year variability is smaller for the irrigated crop in South India, although 
the somewhat higher seasonal variability at high-N fertilization for the South Indian 
site could be attributed to the use of supplemental irrigation rather than full irrigation. 

The APSIM and DSSAT models responded quite similarly to N for both wheat 
and rice in the Indo-Gangetic-Basin (IGB) region of India where both crops are 
irrigated. The yield was 2000 kgha™! or less for the unfertilized case, with yield 
increasing asymptotically up to about 150 kg Nha™! for wheat (Fig. 3“a)) and up to 
more than 180 kg Nha™! for rice (Fig. 3(b)). The earlier yield plateau and the greater 
yield variability at high N for wheat may reflect minor water deficit, as irrigation 
during the winter dry season may be less than sufficient. 


CO2 Response Differs by Crop Type, but Is Also Affected 
by N Fertilization 


There are two well-documented crop photosynthesis types, C-3 (wheat, rice, and 
peanut) versus C-4 (maize, sorghum, and millet), and these two types differ in 
response to CO). This pattern is reflected in the CO, responses of the crop models 
used in this chapter, with the simulated C-3 crops showing a much higher response 
than the simulated C-4 crops. 

The APSIM and DSSAT models for maize showed small responses to CO, as 
expected (Figs. 4 and 5), although APSIM was surprisingly somewhat more respon- 
sive than expected as APSIM-Maize has no direct CO, effect on RUE. However, 
APSIM-Maize does include enhanced transpiration-use efficiency and N-use effi- 
ciency responses with increasing CO . The TE effect likely applies for the South 
Indian site (Fig. 4) where the use of supplemental irrigation allowed some water 
deficit to occur. In addition, the reduction in N stress with increased CO is possible 
because APSIM-Maize yield response to N (Fig. 1) increased above 180 kgha™! up 
to 210 kgha™'. For the site in the Republic of South Africa (Fig. 5), this comparison 
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Fig. 3. Simulated yield response to N fertilization of APSIM and DSSAT models for irrigated wheat 
(a) and irrigated rice (b) in the IGB region of India. 


repeats, with APSIM-Maize showing more CO, response than DSSAT, especially 
at the high 180 kg ha7!. The South African site is very limited for rainfall; thus, the 
TE modifier effect clearly must be functioning strongly at high-N fertilization. The 
severe water limitation for the South African site shows up in the large box-and- 
whisker bars of the interannual yield variation for both models. 
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Fig.4. Simulated maize yield response to CO2 (360-720 ppm) for APSIM- and DSSAT-Maize models 


at (a) 30 or (b) 180 kgNha~! in South India, showing lower CO2 response under low-nitrogen 
fertilization. 


For the sorghum models at the rainfed South African site, APSIM and DSSAT 
showed a very similar response to CO, as the maize models (Fig. 6). APSIM- 
Sorghum had a somewhat higher response to CO2, which is attributed to the TE 
effect operating in APSIM under these water-limited conditions. 

By contrast, for the C-3 crops, the models as expected gave a much higher 
response to CO, for wheat and rice than for C-4 maize and sorghum. For these 
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Fig. 5. Simulated yield response to CO2 (360-720 ppm) for APSIM- and DSSAT-Maize models at 
(a) 30 or (b) 180 kgNha7! for the rainfed site in the Republic of South Africa. 


C-3 crops (wheat and rice), the two models, APSIM and DSSAT, were similar in 
their CO responses. The typical response was a 30% increase in yield with a CO 
increase from 360 to 720 ppm, as illustrated for wheat in Fig. 7, which has also been 
reported in other AgMIP model evaluations. For both C-3 and C-4 crops, DSSAT 
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Fig. 6. Simulated yield response to CO2 (360-720 ppm) for APSIM- and DSSAT-Sorghum models 
at 180 kgNha7! for the rainfed site in the Republic of South Africa. 


applies a multiplier on RUE, which then feeds through the system to biomass and 
yield. DSSAT has a very small effect of elevated CO, to reduce “hypothetical” 
stomatal conductance and therefore reduces transpiration (see Boote et al., 2010 for 
description of the CO, modifier of transpiration in DSSAT). For C-4 crops, APSIM 
applies CO, effect on transpiration water-use efficiency and N-use efficiency, while 
for C-3 crops, APSIM applies CO, effects on both RUE and TE. 

An important finding is that the simulated response to CO2 shows interaction with 
N fertilization, being less under low-N than under high-N fertilization (30 versus 
180 kgNha7!), observed for maize, wheat, and rice simulations (rice results not 
shown) with both DSSAT and APSIM. Examples of this simulated lower response 
to CO, at low N are shown for maize (Figs. 4 and 5) and wheat (Fig. 7), and one 
can note the contrast between the panels (a) at 30 kg Nha™! and the panels (b) at 
180 kgNha7!. The lower response to CO, at low-N versus high-N fertilization 
has been documented in real experiments on rice (Nakagawa et al., 1994; Ziska 
et al., 1996), so we have confidence in these simulations. The causal factor in the 
model simulations is that growth and photosynthetic response to CO) are limited in 
N-deficient crops because the N needed for new tissue growth is not available. 


Response to Rainfall Depends on Soil Type, Crop Type, and N Fertility 


Response to rainfall will not be discussed for wheat or rice (sites in Pakistan and 
India), because those two crops are grown with irrigation in those regions. We 
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Fig. 7. Simulated wheat yield response to CO2 (360-720 ppm) for APSIM and DSSAT models at 
(a) 30 or (b) 180 kg N ha7™! under irrigation in Northern India, showing lower CO9 response under 
low-nitrogen fertilization. 


will limit our discussion to crops at African sites, which varied considerably in 
rainfall. Rainfall varies in West Africa going from west to east (being lower in 
Senegal and higher in Ghana), and rainfall in Kenya varies considerably on a regional 
basis with elevation. For rainfed sites with low-N fertilization and degraded soils, 
the yield response to rainfall was relatively small and was less than expected for 
maize (Fig. 8(a)), millet (Fig. 9’b)), and sorghum (not shown). For these sites, 
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Fig. 8. Maize yield response to rainfall variation (25—200% of ambient) in medium-yield poten- 
tial zone in Kenya with poorly fertilized, degraded soils (a), and South Africa with well-fertilized 


conditions on good soils (b). 


N was so limiting that the leaf area index was low, which created low transpiration 


demand for water. 


We believe that the models are right in this respect from a theory stand- 
point, although serious field research investigation is needed to confirm this. 
Field experiments on maize and cowpea in Limpopo Province (data of J. Dimes, 
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Fig.9. Simulated yield response to rainfall variation for (a) the APSIM- and DSSAT-Millet models at 
the Nioro site in Senegal with no fertilizer on a degraded soil and (b) the APSIM- and DSSAT-Sorghum 


models at the Heilbron site in the Republic of South Africa with high-N fertilization on a fertile 
soil. 
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Proceedings of Challenge Program for Water and Food, Addis Ababa) showed 
that the APSIM model got the above-ground yield correct with good agreement 
with soil water profiles across the crop cycle. Field experiments on groundnut 
in northern Ghana also confirmed DSSAT simulations of soil water profiles 
versus observed soil profiles with correct above-ground biomass simulations 
(Naab et al., 2004). 

For the infertile sites in West Africa, East Africa, and Southeast Africa, simu- 
lated maizef yield was often somewhat reduced when rainfall was increased above 
ambient (100% case), which in the models is attributed to the leaching of mineral- 
ized N from the soil and loss of N for the maize crop uptake (see Fig. 8a), example 
for medium-potential zone in Kenya). This N-leaching effect, e.g., a reduced yield 
at higher rainfall under no N fertilization, was repeated for millet in West Africa as 
well (Fig. 9(a)). 

In the Republic of South Africa, where rainfall is lower but soils more fertile 
(and with higher N fertilization), the maize yield increases strongly with increased 
rainfall (see Fig. 8(b)). We had expected to see differences between APSIM and 
DSSAT because of the differences in transpiration methodology (APSIM using 
the TE method, and DSSAT using the Priestley-Taylor method). Nevertheless, the 
differences between the models for maize yield response to rainfall were small 
(Fig. 8(b)). 

The two models differ for rainfall response of millet in Senegal, indicating more 
water deficit for the DSSAT-Millet model than the APSIM-Millet model (Fig. 9a)). 
The two models have different methods for water uptake as well as crop evapotran- 
spiration, which could be a cause. However, both millet models show a declining 
yield with higher rainfall under zero N fertilization associated with N leaching, 
similar to that observed for the maize rainfall response under low-N fertilization 
(Fig. 8%a)). The APSIM and DSSAT sorghum models, by contrast, did not show 
a differential response to rainfall for the Republic of South Africa site which was 
well fertilized on a fertile soil (Fig. 9°b)). Both models showed strong sensitivity to 
rainfall for this rainfall-limited but well-fertilized site. 

It appears that the interactive effect of N fertilization and rainfall response 
of the millet models is similar to simulated interaction of rainfall response and 
N fertilization for the maize models. This finding of the interactive effects of rain- 
fall and N fertilization has important implications for climate impact assessment. 
Model intercomparisons by the AgMIP low-input agriculture group (Falconnier 
et al., 2019) confirm that this interaction effect of N fertilization with CO, response 
and rainfall response occurs for simulations of nearly all maize models, with the 
exception of a few maize models that lack daily N simulation dynamics. 

For sensitivity to rainfall, the APSIM and DSSAT peanut models clearly have 
different responses (Fig. 10). This is perhaps not surprising as the two models have 
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Fig. 10. Peanut seed yield response to rainfall simulated by the APSIM-Peanut and DSSAT- 
CROPGRO-Peanut models for a rainfed site in Nioro, Senegal. 


very different methods for evapotranspiration (TE method) and soil water uptake. 
However, we are uncertain as to which model is right and that will await testing 
against soil water extraction and dry matter growth under water-limited conditions, 
where growth and soil water contents are measured. 


APSIM and DSSAT Models for Same Crops May Differ in Temperature 
Responses Depending on Model Parameterization 


Understanding model differences in response to temperature requires that we know 
the parameterization of the models for various growth processes. Crop model 
parameterization is individualized for each different crop model. Therefore, we 
will discuss this by individual crops. In addition, our knowledge of and experi- 
ence in testing models for parameterization of the effects of supra-optimum and 
elevated extreme temperatures are sparse because of limited data from experi- 
ments conducted at elevated temperature conditions. It is important to appreci- 
ate that temperature effects on grain yield can result from multiple sources of 
temperature effects on the following processes: rate of leaf appearance, rate of 
reproductive progression, leaf area expansion, assimilation (RUE modifier), grain 
set, and rate of grain growth. The latter three are most likely the primary causes. 
In addition, there may be effects of temperature on the rate of N mineralization 
from SOM. 
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Table 1. Cardinal temperature parameterization for temperature-dependent 
processes for the APSIM- and DSSAT-Maize models. 


Model and Process Tbase Topti Topt2 Tfail 
IC 
APSIM 
V & R stage * (see below) 34.0 34.0 44.0 
RUE 8.0 15.0 35.0 50.0 
Grain # Set ** (see below) 
Grain GR (RGFIL) 6.0 22.0 30.0 56.0 
DSSAT (all on Tmean) 
V & R stage 8.0 34.0 34.0 
RUE (PRFTC) 6.2 16.5 33.0 44.0 
Grain # Set No sensitivity 
Grain GR (RGFIL) 39 16.0 27.0 35.0 


Note: *Leaf appearance and reproductive progression (degree day accumulation) 
for APSIM-Maize follow a broken stick with a Tb of 0°C (0.0 rate), relative rate 
of 0.38 at 18°C, relative rate of 0.69 at 26°C, optimum rate of 1.00 (26 GDD) at 
34°C, and relative rate of 0.00 at 44°C, and then compute average rate over eight 
3-hour periods based on Tmax and Tmin (do not use Tmean). 

**Grain set reduced if Tmax above 38C during time from flag leaf to time of 
grain-set. 


Maize 


While APSIM-Maize originally derived from an older version of DSSAT-CERES- 
Maize (changes began nearly 30 years ago by Carberry ef al. (1989)), the two 
models have evolved over time to have different parameterizations for temperature 
effects on the rate of life cycle progress, radiation-use efficiency, and grain-filling 
rate (summarized in Table 1). The DSSAT-CERES-Maize model parameterizations 
for RUE and especially for single-grain growth rate are more sensitive to elevated 
temperature (see lower Topt2 for CERES-Maize), which probably accounts for the 
greater sensitivity of CERES-Maize grain yield to temperature increase as seen in 
Fig. 11 for the well-fertilized, irrigated site in India. 

CERES-Maize sensitivity of RUE and RGFIL (rate of single-grain growth) to 
temperature (Table 1) was re-parameterized by Boote (unpublished communication, 
2011) for use with Global Futures simulations of climate impacts on maize, in part 
because the prior model version created during a “modularization era” in early 2000s 
had no reduction of RUE or RGFIL at elevated temperatures. The original CERES- 
Maize prior to 2000 did have elevated temperature effects on RUE and RGFIL in 
the source code, but during the “modularization era” the coefficients were removed 
to become external “read-in” parameters, that were not correctly re-parameterized. 
At that time, there were few existing studies at elevated temperature on maize for 
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Fig. 11. Simulated yield response to temperature variation for the APSIM- and DSSAT-Maize models 
in South India (a warm site). 


parameterizing these functions. Since then, experiments at elevated temperature 
have been conducted by Rattalino-Edreira et al. (2011), Lizaso et al. (2017, 2018), 
and others. 

In addition, the two models have different soil organic carbon modules, with 
different assumptions about the pools of SOM available for N mineralization and 
different temperature parameterizations of that process. The temperature parameter- 
ization of soil organic C decomposition in APSIM is carried over from older versions 
of CERES-Maize that used DSSAT’s Godwin-—Papran function (Godwin and Singh, 
1998). However, the DSSAT-CERES-Maize for all the DFID-funded simulations 
used the CENTURY soil C module that has a different temperature parameteriza- 
tion from APSIM and different also from the DSSAT’s Godwin—Papran function. 
For additional information, see Bassu et al. (2014) for intercomparison of multiple 
maize models for sensitivity response of yield to temperature, CO2, and rainfall. 

In general, rising temperature (2°C, 4°C, 6°C, or 8°C above ambient in CTWN) 
reduced the yield for both maize models at most sites including South India (Fig. 11), 
consistent with a shorter crop life cycle, a shorter grain-filling duration, and a small 
reduction in RUE. In addition, there is a reduction in grain growth rate at high 
temperatures for both models, but the DSSAT-CERES-Maize model has a stronger 
reduction in grain growth rate (RGFIL in Table 1), thus causing the model to be more 
sensitive than APSIM-Maize to high temperature. Figure 11 illustrates this temper- 
ature sensitivity for an already warm site in South India. The greater sensitivity to 
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rising temperature of RUE and especially the grain-filling rate for DSSAT-CERES- 
Maize (Table 1) are sufficient explanations for the stronger reduction in yield sim- 
ulations with DSSAT-Maize. 

The sites in Kenya were relatively cool, and are described as high-, medium-, 
and low-potential zones, varying from cool to moderate to warm temperature with 
elevation change, along with modest to low rainfall with the same elevation change. 
APSIM and DSSAT showed different response patterns to temperature for these 
three zones in Kenya (Fig. 12). We think this is conditioned by the fact that temper- 
atures are cool in all three zones in Kenya, but especially the high-potential zone 
is cold, where an increase in temperature improved yield of APSIM up to +4°C, 
whereas DSSAT only increased yield up to the +2°C temperature with a consider- 
able decrease at higher temperatures. 

These responses are associated with different parameterizations of the two maize 
models (Table 1), with major differences in the temperature parameters for rate of 
grain growth. DSSAT has a reduction beginning at 27°C, with grain growth failure 
at 35°C, while APSIM has a reduction beginning at 30°C and grain growth failure at 
56°C. The grain growth rate of the two models is also sensitive at the low end, with 
APSIM being reduced below 22°C, while DSSAT’s grain growth rate reduced below 
16°C. The parameterization differences are the primary reasons for differences, 
causing APSIM to be very sensitive to cool temperatures during grain filling (see 
sharp drop at low temperature), but causing DSSAT to be more sensitive at high 
temperatures. 

In addition, there are also differences in the temperature parameterization for 
RUE with DSSAT being reduced sooner at a high temperature; DSSAT’s RUE is 
reduced above 33°C mean daytime temperature and failure at 44°C, while APSIM’s 
RUE is reduced above 35°C and failure at 50°C. The RUE effect is minor in part 
because the mean daytime temperature is rarely above 33°C, except at the high end 
of the temperature sensitivity response. There is one additional causal factor, which 
is that the two models have different temperature parameterizations for soil organic 
C mineralization. APSIM uses its own soil organic C mineralization equations, 
whereas DSSAT in these studies used the CENTURY organic C module. The two 
SOC modules have different temperature functions. 


Sorghum and millet 


APSIM-Sorghum has been extensively tested in Northern Australia and Central 
Queensland, and APSIM-Millet was developed in Rajasthan, India, and tested in 
West Africa. The DSSAT-Sorghum model was reevaluated and improved for its 
temperature sensitivities against real data by Singh et al. (2014). However, the 
DSSAT-Millet model version used in this study had not been widely tested. 
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Fig. 12. Simulated yield response to temperature variation for APSIM- and DSSAT-Maize models 
at high (a), medium (b), and low (c) potential zones varying in elevation in Kenya. Sites vary in 
temperature and rainfall, being cooler for the high-potential site and warmer for the low-potential site. 
The N fertilization rate was 80, 40, and 20 kgNha7! for the high-, medium-, and low-potential sites, 
respectively. 
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For the Republic of South Africa, Heilbron site, the temperature sensitivities 
of APSIM-Sorghum and DSSAT-Sorghum appear to be very similar to each other 
(Fig. 13%a)). The models appear to have similar temperature sensitivities, with a 
quadratic (parabolic) response showing an optimum production at +2°C. Note that 
this region in the Republic of South Africa is relatively cool because of its elevation. 

The two millet models differed slightly in their temperature response at the 
Nioro site in Senegal, with CERES-Millet showing a gentle optimum at +2°C, 
while APSIM-Millet showed almost no sensitivity to temperature, with a very slight 
decline from —2°C to the highest +8°C temperature (Fig. 13(b)). Note that the 
yield levels of sorghum in South Africa are much higher than the yields of millet 
in Senegal. There are several reasons, such as sorghum being more productive than 
millet and the South African site being well fertilized compared to no fertilization 
in Senegal. In addition, the South African site is cooler than Senegal. 


Wheat 


The DSSAT-CERES-Wheat model has temperature parameterizations on devel- 
opment, assimilation, and grain growth rate typical of C-3 cool season cereals. It 
appears that the APSIM-Wheat is parameterized very similarly to DSSAT Wheat, 
because the sensitivity to temperature is quite similar for the two models (Fig. 14), 
showing reduction in grain yield with any temperature rise above ambient in Pakistan 
and Northern India (both sites are already quite warm). The optimum temperature 
for RUE in the two models is 10—25°C, with reductions below 10°C, and reductions 
above 25°C, towards zero RUE at 35°C mean temperature. The temperature param- 
eterization of the two wheat models for reproductive progression and rate of grain 
filling is also important for yield response. 


Rice 


The two rice models are quite different in their heritage, with CERES-Rice some- 
what patterned after the style of the CERES models, while the APSIM-ORYZA 
model is the ORYZA-2000 model brought into the APSIM system, complete with 
temperature parameterization developed by the ORYZA modelers at IRRI (Bouman 
et al., 2001). ORYZA was derived from the Dutch SUCROS model, and is based on 
leaf photosynthesis (Bouman and van Laar, 2006), whereas CERES-Rice is based 
on RUE. Figure 15 illustrates that yield of the two models is strongly affected by 
rising temperature above ambient in Northern India (an already warm region), but 
the response shapes are different, in part because the APSIM-ORYZA model actu- 
ally slows its life cycle as temperature gets very hot (which causes the unusual 
plateau between +6 and +8°C). Unpublished evaluation of these models (Boote, 
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Fig. 13. Simulated yield response to temperature for (a) APSIM- and DSSAT-Sorghum models at 
the Heilbron site in the Republic of South Africa and (b) APSIM- and DSSAT-Millet models at the 
Nioro site in Senegal. 


unpublished communication, 2019) against observed data on rice yield response 
to elevated temperature indicates that the reduction in observed yield with rising 
temperature (Baker et al., 1992a, 1992b) is as strong as predicted by these models. 
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Fig. 14. Wheat yield response to temperature change, simulated by APSIM and DSSAT models, 
showing reduction in grain yield with temperature rise above ambient in Pakistan (a) and Northern 


India (b). 


Peanut 


The CROPGRO-Peanut model is different from the other DSSAT models described 
so far, and it is also different from the APSIM-Peanut model. The CROPGRO- 
Peanut model in DSSAT is based on leaf-to-canopy assimilation approach using 
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Fig. 15. Rice yield simulated by APSIM-ORYZA and DSSAT-CERES-Rice models, showing reduc- 
tion in yield with temperature rise above ambient in Northern India. 


hourly temperature for photosynthesis and has temperature effects on setting of 
seed cohorts and single-seed growth. The APSIM-Peanut model is RUE based and 
predicts seed mass growth up to final yield based on rate of change of seed harvest 
index (which is sensitive to water, N, and temperature stresses). 

Temperature parameterization of the two models is certainly quite different. 
APSIM peanut has optimum RUE between 21°C and 30°C mean daily temperature, 
with reduction to zero from 21 to 10°C, and reduction to zero going from 30°C to 
40°C. CROPGRO Peanut has a base temperature for leaf photosynthesis of 8°C, 
but its optimum is 40°C. DSSAT-CROPGRO-Peanut has temperature functions 
that affect pod addition (optimum between 23.5°C and 26°C, with parabolic reduc- 
tion from 26.5°C to 40°C) and seed growth rate (optimum at 23.5°C, parabolic 
reduction from 23.5°C to 41°C). We have good confidence in the CROPGRO- 
Peanut functions, as the model was shown to perform well against the elevated 
temperature data of Prasad et al. (2003) as reported by Boote et al. (2010, 2018). 
APSIM-Peanut has unknown sensitivity of temperature effects on partitioning to 
pod, so yield decline may be an outcome of temperature effect on life cycle 
and RUE. 

The two models differ in their sensitivity to temperature at the Nioro site, Senegal. 
The DSSAT—CROPGRO-Peanut model is more sensitive to elevated temperature 
than APSIM (Fig. 16). Considering the past experience with testing the DSSAT— 
CROPGRO-Peanut response to temperature, we trust its temperature response more 
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Fig. 16. Peanut seed yield simulated by APSIM-Peanut and DSSAT-CROPGRO-Peanut models, 
showing response to temperature at the Nioro site in Senegal. 


than that of APSIM. In addition, since peanut is an N-fixing legume, N limitation 
is not a constraint and is not reported here. 


Summary and Conclusions 


The CTWN exercise has helped us to appreciate and understand differences 
among APSIM and DSSAT crop models for their response to climatic and N 
fertilization factors. Similar analyses could also be performed to better under- 
stand differences between simulated cropping systems in the AgMIP Coordi- 
nated Climate-Crop Modeling Project (C3MP; McDermid et al., 2015) and the 
AgMIP Global Gridded Crop Model Intercomparison (GGCMI; Franke et al., 
2020). The CTWN sensitivity analyses with the different models at different sites 
have been highly valuable for understanding the differential sensitivity of the 
APSIM and DSSAT models to climate change factors. It has provided several key 
insights. 

The first insight is that the APSIM and DSSAT models mostly agree on their CO2 
responsiveness for the different crops, both for C-4 and C-3 type crops. However, 
more importantly, responses to CO, show interactions with N fertilization, being 
considerably muted in highly N-deficient systems; thus, we are not seeing the benefit 
of rising CO, that exists in well-fertilized fields (both models predict this). This 
means that climate change modeling for underdeveloped regions will benefit less 
from elevated CO, than expected and that models (e.g., several global models) that 
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do not account for degraded soils and low-N fertilization will give incorrect (too 
optimistic) responses to CO). 

The second insight is that the simulated sensitivity to rainfall is less than expected 
(for both models) because the simulated LAI for N-deficient crops is so low that 
transpiration demand and soil water depletion is small (except in the case of well- 
fertilized fields in the Republic of South Africa). In addition, simulations of rainfall 
response under low-N fertilization indicate that higher rainfall actually reduces yield 
because the small amount of available mineralized N is leached before the crop can 
capture it (both the APSIM and DSSAT models simulate this effect). Therefore, 
these two observations confirm strong interactions between rainfall variation and N 
fertilization. 

This gives a second caution against climate change use of models (e.g., several 
global models) that cannot account for degraded soils and low-N fertilization because 
they will likely give incorrect (too much) response to rainfall variation. The highly 
N-deficient systems may also affect the simulated response to N fertilization, where 
there may be positive effects of temperature where they are not expected, e.g., the 
soil N mineralization responds to rising temperature to provide more available N, 
thus altering the temperature optimum for production (Kenya example). The APSIM 
and DSSAT models vary in this respect (soil N mineralization). 

It is also of interest that the APSIM and DSSAT models frequently have similar 
responses to rainfall variation, despite different approaches for transpiration and soil 
water uptake. Where there are differences, DSSAT tends to predict stronger water 
limitations than APSIM. 

The third insight or finding is that the APSIM and DSSAT models often differ in 
their temperature responses for different crops, which is not surprising considering 
they were separately developed and thus may have different temperature parameteri- 
zations for life cycle phenology, leaf area expansion, RUE/photosynthesis, grain set, 
and rate of grain filling. The DSSAT-CERES-Maize model is more sensitive than 
APSIM-Maize to elevated temperature, an outcome associated primarily with dif- 
ferent parameterizations of rate of single-grain growth. There are also minor contri- 
butions caused by maize model differences in temperature parameterization of RUE 
and soil C mineralization. For three Kenyan sites differing in temperature (from 
elevation), the two models give different temperature response shapes with APSIM 
showing optimum yield at +2°C, +4°C, and +6°C depending on low-elevation to 
high-elevation sites. 

The sorghum models in APSIM and DSSAT appear to have only minor dif- 
ferences in temperature response, with reasonable temperature response curves 
with optimum yield at +2°C. The millet models have minor differences in tem- 
perature response, and the APSIM-Millet showed almost no response (+2 to 
+8°C) which is not logical and needs further investigation. The CERES-Millet 
in DSSAT has moderate temperature sensitivity with an optimum response at 
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+2°C. Both APSIM-wheat and DSSAT—CERES- Wheat show similar temperature 
responses, with declining yield with rising temperature for both Pakistan and north- 
ern India. The APSIM and DSSAT rice models similarly show reduced yield 
with rising temperature in Pakistan and northern India. For both wheat and rice 
crops and both models at these already warm sites, yield is improved with —2°C 
simulations. 

While there are variations among the APSIM and DSSAT crop models on their 
temperature responses, we cannot give definitive statements as to which models 
are right because the necessary data on growth and yield at elevated tempera- 
tures for testing the models are often lacking. Even where such data are becom- 
ing available, the models have not been tested or modified from those data. The 
AgMIP-Wheat modelers have evaluated their models against the hot serial cereal 
experiment (Asseng ef al., 2015) followed by improvements (Wang et al., 2017); 
however, the APSIM and CERES wheat models used in this study were versions 
fixed prior to any modifications based on those tests. Likewise, ongoing AgMIP- 
Rice modelers are evaluating rice models against elevated temperature experi- 
ments, but the present rice models have not benefitted from (or been modified by) 
those tests. 

A fourth insight is that these exercises for low-input production on degraded 
soils have helped us to understand and guide model calibration for response to 
N fertilization relative to degraded soil conditions. The stable SOC fraction (DSS AT— 
CENTURY) or the fraction inert SOC (APSIM) must be adjusted to mimic the low 
yields obtained under zero N fertilization (depending on region because the present 
sites used only small amounts of N fertilizer). Knowledge of initial conditions of 
inorganic N in soil and prior crop residue is also important for predicting yield 
response to N fertilizer. Furthermore, the full response to N fertilization must be 
simulated (0-210 kg Nha™!) in order to mimic the genetic potential of the cultivar. 
It is too easy (Commonly done and too often), but absolutely incorrect, to modify 
genetic parameters of a cultivar to mimic the low yields under low-input production. 
Of course, the added problem is how to learn the genetic potential of the cultivar in 
question. 

An additional caution for climate impact in low-input agriculture regions must 
be given relative to the effect of elevated temperature under climate change on SOC 
and N response when simulated with reinitiation of the models every year (as done in 
these exercises) as contrasted to continuous sequence/rotation stimulations. Basso 
et al. (2018) reported that +3°C warming (climate change) will cause loss of SOC 
when simulated with carry-over sequence over the long term and the loss in SOC 
and N will cause an additional reduction in yields when compared to reinitiating 
the models every year. This means that global change models failing to account for 
soil C carry-over, soil degradation, and N mineralization over decades will be too 
optimistic for future climate change scenarios. 
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Introduction 


Agriculture and food systems face complex challenges: population growth, crop and 
livestock yield gaps, environmental degradation, climate change and variability, 
social conflicts, and economic stressors. There is a need for long-term informed 
decision-making to provide a base for future generations. Research approaches and 
investments aim to provide more accurate information, while accounting for these 
complexities, to accelerate transformation to sustainability. One major challenge 
is that conventional climate change assessments assume the same socio-economic 
conditions in the future as today. An approach is required that can characterize 
plausible future socio-economic conditions and the state of agricultural produc- 
tion under those conditions. Integrating improved technology with governance and 
institutional development, in a way that is gender-sensitive, is critical for attaining 
sustainable and resilient agriculture and food systems. A stronger integration of 
science and stakeholder-based knowledge will enable priority setting and support 
decision-making processes effectively, guided by a joint strategy development. 

New science-based approaches are being developed that support information 
for decision-making, forging the collaboration between scientists and stakeholders. 
The Agricultural Model Intercomparison and Improvement Project (AgMIP) has 
developed methods that guide scientists and stakeholders to design agricultural 
development pathways, supported by quantitative and qualitative analysis of path- 
way outcomes. The process enables scientists and stakeholders to guide decisions 
for immediate use, and set priorities for more conducive conditions for a sustainable 
future. Science can thereby support countries to decide and plan on climate change 
actions based on a sound understanding of vulnerability and growth potential, and 
prepare for adaptation with links to other sectors. 

Representative Agricultural Pathways (RAPs) (Valdivia et al., 2015) have been 
developed as a part of AgMIP’s Regional Integrated Assessment (RIA) method 
for modeling and projecting agricultural systems in the present and future (Antle 
et al., 2015). RAPs deliver scenarios about possible future states of the world in 
which climate change might happen. Once established and quantified, they allow 
for model-based projections of future bio-physical, technological, institutional, and 
socio-economic conditions — critical parameters for assessing agricultural systems 
in any climate — that cannot be tested in a real-world context. 

The RAP setup involves an iterative process executed among scientists and stake- 
holders of different expertise. This ensures the RAPs formation taps multiple sources 
of knowledge, as well as informed dialogue about drivers and interactions among 
parameters and how they contribute in shaping future worlds. RAPs storylines are 
translated and quantified into model parameters, such as farm and herd size, prices 
and cost of production. RAPs, together with global economic model data on crop 
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yields and price trends, can be used to explore impacts of adaptation options, which 
scientists and stakeholders consider relevant and useful. 

The RAPs process starts with creating a robust baseline. During the first phase of 
the DFID-funded project, the AgMIP Regional Research Team (RRT) engagement 
in Sub-Saharan Africa and South Asia produced a series of RAPs for the particular 
farming systems following a “Business as Usual” pathway. In the second DFID- 
funded phase, the RRTs developed additional sets of pathways, including a future 
that is driven by sustainability goals (e.g., so-called “Green RAP”), and a future that 
is driven by economic growth without considering sustainability (e.g., so-called 
“Grey RAP”). 

The RRTs in India and Zimbabwe advanced the RAPs concept to link the farming 
systems-specific RAPs with national level RAPs through stakeholder engagement 
across scales. Extending the RAPs approach from sub-regional to national scales 
allowed us to bring systems-specific issues to a national level. It also allowed us to 
jointly identify inconsistencies and gaps in policy formulation and implementation 
at the different scales. 

Inspired by AgMIP development of RAPs in Sub-Saharan Africa and South Asia 
and by initial steps in the European MACSUR project, a set of pathways for European 
agriculture (the Eur-Agri-SSPs) have been developed by researchers from European 
universities and research organizations. We include the process and major outcomes 
towards Eur-Agri-SSPs with a discussion of lessons learned in this contribution. 


Conceptual Framework for Socio-Economic Scenarios 


The AgMIP Phase II scenario development followed the approach developed in 
Phase I (Valdivia et al., 2015) to link site or country-specific drivers and global 
socio-economic pathways (SSPs) associated with a range of global emission sce- 
narios (RCPs). This recognizes that local actions and their impacts will be affected 
by global drivers and their impacts. Local narratives were then combined with 
price and productivity trends from global economic models. The overall goal 
of this process was to develop scenarios that could be used to support adapta- 
tion strategies (i.e., policy or technology changes) under changing socio-economic 
conditions. 


Plausible emission and socio-economic scenarios (RCPs and SSPs) 


The global emission and socio-economic scenarios provided global projections 
that were used as inputs to the regional projections defined in the RAPs. The 
AgMIP global economics team ran multiple scenarios contrasting global SSPs with 
plausible levels of emissions (RCPs) as shown in Table 1 (Wiebe et al., 2015). 
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Table 1. Scenario definition used by global economics team. 


Radiative Trade Economic 
Scenario SSP Forcing GCM Policy Model 
1.0 No change none ENVISAGE, FARM, 
11 HadGEM No change IMPACT, MAGNET, 
1.2 SSP1  RCP4.5 IPSL MAgPIE 
1.3 MIROC 
1.4 HadGEM Liberalized ENV, FAR, MGN, MGP 
2.0 No change none ENVISAGE, FARM, 
PA SSP 2 HadGEM No change IMPACT, MAGNET, 
22 RCP 6.0 IPSL MAgPIE 
2.3 MIROC 
3.0 No change none ENVISAGE, FARM, 
3.1 HadGEM No change IMPACT, MAGNET, 
32 SSP3 RCP 8.5 IPSL MAgPIE 
3.3 MIROC 


3.4 HadGEM Restricted ENV, FAR, MGN, MGP 


Source: Wiebe et al., 2015. 


The AgMIP RRTs used climate data from RCP 4.5 (low emission) linked to SSP1 
(low challenge, sustainability) and RCP 8.5 (high emission) linked to SSP 3 (high 
challenges, fragmentation) to simulate the impacts of climate change on crop yields 
and livestock performance (see also AgMIP Handbook v7, 2017). Productivity and 
commodity price trends for these scenarios were obtained from outputs from the 
IMPACT global economic model. 


Regional Representative Agricultural Pathways (RAPs) 


RAPs provide qualitative and quantitative information to characterize the state of a 
future world under which a particular farming system might operate. Thus, bound- 
aries and characteristics of current farming systems must be clear, to develop realis- 
tic estimates of agricultural and socio-economic parameters and interrelations. They 
also need to represent farming systems that are meaningful for a country, so that the 
recommendations can be brought to scale. The RAPs parameters provide inputs to 
the AgMIP RIA. 

Based on the definitions of SSPs and RAPs described in Valdivia et al. (2015) 
and the data and information from the combination of RCPs and SSPs mentioned 
above, RRTs developed the following RAPs in AgMIP Phase II (see Figure 1): 


RAP 4: “Sustainable low growth (Green RAP)” 


e Low economic growth and associated economic and policy features 
e High sustainability and associated environmental performance and policies 
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SSP 5: 


(Mit. Challenges Dominate) : SSP 3: 
(High Challenges) 


Fragmentation 


Conventional 
Development 


SSP 2: 


{intermediate Challenges) 


Middle of the Road 


SSP 1: 


(Low Challenges) 
Sustainability 


Socio-economic challenges for mitigation 


Socio 


Moderate 
Sustainable Growth 


RAP 1: 
(Lose-Lose Synergies) 
Unsustainable Low 
Growth 


Bio-physical Drivers/Indicators 


Economic and Social Drivers/Indicators 


Fig. 1. Future socio-economic scenarios: Linking SSPs, RCPs, and RAPs for AgMIP RRT Phase II. 


Source: SSPs matrix obtained from O’Neill et al., 2017. RAPs matrix obtained from Valdivia et al., 
2015. 


e Low challenges to adaptation (as defined in SSP1) 
e Low challenges to mitigation (as defined in SSP1) 
RAP 5: “Unsustainable high growth (Grey RAP)” 


e High economic growth and associated economic and policy features 
e Low sustainability and associated environmental performance and policies 
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e High challenges to adaptation (as defined in SSP3) 
e High challenges to mitigation (as defined in SSP3) 


Using yield and price trends 


Given the high level of uncertainty with regards to price trends (Wiebe et al., 2015), 
and the need to capture the range of possible output prices in the future, RRTs 
conducted sensitivity analyses on the output price assumptions by contrasting high- 
price and low-price assumptions. These high and low prices were based on the range 
of prices obtained from the global model projections for the relevant commodities 
in each region. The price assumptions were defined in relation to each RAP and SSP 
combination, while also considering if climate has induced changes in prices or not. 

The procedures to estimate a set of yields and price trends and the sensitivity 
analysis are summarized as follows. 


Estimating yield trends 


Step 1: Estimated change in yield without climate change: Output data from 
IMPACT and the corresponding scenario were used to calculate the compounded 
yield growth factor I between current and future periods without climate change. 


Example: For Kenya’s rainfed maize, the 2005 yield is 2407 kg/ha and the 2050 
yield is 4887 kg/ha, so the estimated maize yield growth trend factor is: 


T = 4887/2407 = 2.03. 
Step 2: Estimated projected future yield: 


Example: Suppose maize yield is 1800 kg/ha, then the future projected yield without 
climate change is: 


1800 x T = 1800 x 2.03 = 3655 kg/ha. 


Estimating price trends 


We define ¢¥ as the output price trend, where k = L for low output price assumption, 
and k = H for high output price assumptions; A is 1 or 2, representing the no climate 
change and with climate change prices, respectively. 


Step 3: The future crop prices with and without climate change were estimated 
using the price trend ¢/' for all commodities at all sites and scenarios (SSP1 and 
SSP3), which in turn, were obtained from producer price data from the IMPACT 
model. 
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Example: For Kenya’s rainfed maize, the 2005 producer price is 42.03 USD/tonne 
and the 2050 price is 92.79 USD/tonne, which means the price trend with no climate 
change is pr = 2.21 or 221%. Note that, for the high price assumption, we have 
used the price trends estimated from IMPACT. Then, suppose the current period 
maize price in the region is 25 Kenyan Shillings per kg of maize. Then the price for 
2050 is: 

25 x 2.21 = 55.25 Ksh/kg. 


Step 4: Future prices were used to estimate model parameters for the base system and 
the alternative system as described in the AgMIP Handbook, Appendix 2 (Handbook 
v7, 2017). 


Price sensitivity analysis 


A sensitivity analysis to the price assumptions using a “high price range” and a “low 
price range” was conducted using the following guidelines: 


Notation: 
P% = Price of a commodity, 
h = 1 no CC (i.e., system 1), 
h = 2 with CC (i.e., system 2), 
t = c, current; t = f, future, 
k = H: high price, 
k = L: low price, 
dk = price trend factor 


A. High price range: For this case, the teams used the IMPACT data as 
described above to estimate the future prices with and without climate 
change: 

PA a P.o” future price without climate change, high price range 


P 2 = Pb? future price with climate change, high price range 


B. Low price range: For the lower price range it was assumed that: 


a. Current price = future price with no CC 
b. Deviation of prices with climate change with respect to no climate change 
prices is the same for high and low prices (see Fig. 2). 


Following the trajectories shown in Fig. 2, the relative price or the deviation range 
from the no climate change to the with climate change case for the high price 
assumption was estimated as: 
_ pH pH 
rp = P/P 
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Price 


Fig. 2. Sensitivity analysis of future output prices. 
Source: Valdivia and Antle, 2016, RAPs Protocols AgMIP Phase II. 


Then, as per assumption b above: 


P ʻi = P, future price with no climate change, then we can estimate 


Pr = Prp future price with climate change 


Implementation of RAPs in the Regional Integrated Assessments 


RAPS and adaptation packages are part of the RIA, a protocol-based approach 
that provides credible information on context-specific systems states, vulnerability, 
welfare levels, under current conditions and possible futures. Stakeholders combined 
with a team of scientists identify key issues and questions that are relevant for a 
specific agricultural system and region, and the results are replicable and directly 
relevant to the stakeholders involved (Fig. 3). 

These are the specific objectives: 


1. Define farming systems, key drivers, and their interrelations to support the design 
of plausible future development scenarios (RAPs) for the region. 

2. Identify and co-develop adaptation packages specific to the farming systems 
being studied. Stakeholders and scientists were challenged to think about ways 
to re-design farming systems under current and future conditions. 

3. Capacitate stakeholders on the RIA process and outputs. 


RAPs Developed for RIAs by AgMIP RRTs 


The AgMIP RRTs and stakeholders, using RAP 2 (“Baseline”), drafted two contrast- 
ing future worlds for their particular farming systems by establishing measurable 
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learned farm types instead of blanket application of 
from AgMIP Phase 1 incremental technologies 


ia Lessons Customize drastic adaptation packags to suit 
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Fig. 3. The AgMIP Regional Integrated Assessment of Climate Change Impact, Vulnerability, and 
Adaptation of Agricultural Systems and the process of co-designing RAPs and Adaptation packages. 


Source: Valdivia et al., 2019, adapted from ICRISAT, 2016. 


outcomes expected with investment in sustainable development vs. fast economic 
growth. These scenarios represent farming systems and production methods (i.e., 
the technologies) for particular farming communities, in their physical environ- 
ments (i.e., the climate) and the economic, policy, and social environments in which 
they operate (i.e., the socio-economic setting). The following scenarios illustrate the 
diversity of drivers and relations and how they shape the future of farming systems 
in different contexts. 


Zimbabwe 


In both futures, productivity increased substantially. The main action for climate 
change adaptation would be the use of heat- and drought-tolerant crop varieties. 
Heat- and drought-tolerant varieties would benefit more under a sustainable future. 
The poorest would benefit more in relative terms, though they largely remained 
extremely poor. Vulnerability would be higher with fast economic growth, farmers 
with large herds would be stricken by feed gaps. Investment in sustainable develop- 
ment was less risky and better for the poor. 


Green Pathway. Investing in a sustainable future had clear advantages: inclusive 
markets and access to information that creates incentives for all farmers to invest, 


56 R.O. Valdivia et al. 


farmers setting more land in value, diversifying and intensifying crops, and increas- 
ing herd size. 


Grey Pathway. The fast-economic growth future was crafted after the experiences 
of the past in Southern Africa. The better-off, market-oriented (MO) farmers would 
expand and invest, whereas the poor would rely on off-farm income, often becoming 
suppliers of cheap labor. 


With regards to agricultural policies, the RAPs process in Zimbabwe created confi- 
dence in the urgency to prioritize the following: 


e Support the production of fodder: Highlighting the importance of fodder for 
higher level policymakers created recognition of climate change risks for those 
with many animals. Access to fodder can mitigate the effects of drought and 
climate change; also, it has become a component of irrigation policy. 

e Support improved access to forage seed: Establish linkages in crop and live- 
stock departments so they can make joint decisions. Help decision makers in 
each department understand the importance of forage seed for farming systems’ 
integration through feed and soil amendment. Therefore, promoting and scaling 
access to forage seed to larger areas should be prioritized. 

e Support the revitalization of legumes, especially for very poor households: 
The release of new varieties can fuel national seed systems for food, feed, soil, 
income, women empowerment, and climate change resilience. 

e Support confidence in promoting small grains: Focus on previously neglected 
crops with strong responses to management improvement; uptake spurred by 
investments in crop improvement, agronomy, post-harvest, processing technolo- 
gies, and market development. 


India — Indo-Gangetic Basin 


India is moving towards achieving the Sustainable Development Goals (SDGs) of 
eradicating poverty and hunger. The key pillars for success are public and private 
investments in R&D, technological innovations, and policies aimed at effective 
natural resource management, which helps sustaining agricultural growth under 
adverse climatic conditions. However, population increase and rise in food demand 
result in intensive and unsustainable use of natural resources without considering 
negative environmental effects. Thus, two possible future scenarios were developed: 


Green Pathway. Restructuring of traditional support policies (e.g., subsidies, MSPs) 
helps sustainable increase in crop and livestock productivity. Investments in infras- 
tructure, markets, and human capacity building slows population growth rate and 
improves household income distribution. 
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Grey Pathway. Agricultural productivity increases due to new technology and agri- 
cultural intensification efforts. However, agricultural policies are ineffective to deal 
with demographic, ecological and developmental problems. These issues coupled 
with unstable market conditions, due to domestic and international conflicts, lead 
to social inequality and weak institutions for collective action, which exposes the 
sector to adverse climate impacts. 


Lessons learned 


e Divergence in understanding of the problem by various stakeholders and local 
and national levels. 

e Farmers’ concern was not only declining farm profitability but also government 
apathy for addressing their problems (fertilizer prices, seed, labor shortage, higher 
wages, transportation cost, and inadequate marketing facilities). 

e It was very difficult to focus the discussion around major bio-physical, socio- 
economic, and technology variables. 

e Participants, particularly farmers, expressed their opinion on a lot of other issues 
not directly related to the farm sector. 

e To gather all the desired information about the relevant variables from such a 
diverse group of stakeholders, needs more time, and mutual understanding for 
adhering to the steps in RAPs development process. 


India — Andhra Pradesh, South India 


Consistent efforts by past and present governments, international conventions (like 
Voluntary Guidelines on the Responsible Governance of Tenure of land, fisheries, 
and forests (VGGT)), and efforts to develop institutional capacities of communi- 
ties for collective action are likely to improve security of land tenure and facilitate 
moderately improved access to irrigation water and agri-food value chains for small- 
holder farmers. Improvements in rural and agricultural infrastructure and services, 
while soil health and groundwater availability and quality are expected to decline, 
result in small improvements in agricultural productivity. 


Green Pathway. Andhra Pradesh continues in the progressive path of successfully 
implementing the National Mission on Sustainable Agriculture (NMSA) coupled 
with reforms in key sectors such as energy, land, and water that are crucial for 
sustainable intensification in agriculture. The holistic approach that includes eco- 
nomic and ecological objectives will enhance the productivity of all sectors and the 
incomes of the farm households. Improved access to financial services through Self- 
Help Groups (SHGs) and collective actions through farmer producer companies and 
cooperatives will drive inclusive growth. Ecosystem services-based governance of 
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natural resources will ensure environmental sustainability. Investments on public 
health, education, skill development, and rural infrastructure will slow population 
growth and improve household welfare. 


Grey Pathway. Increased population growth, growing demand for food and fuel, 
coupled with low investment in resource-efficient and high-yielding technologies 
will lead to over-exploitation of land and water resources. There will be low adoption 
of productivity-enhancing technologies due to limited access to financial services. 
Slow and ineffective reform processes in energy, water, and land tenure lead to 
highly inequitable distribution of resources. Inadequate infrastructure and low skill 
levels in rural areas lead to high post-harvest losses and lower opportunities for 
non-farm employment, which further reduces household income. Low investment 
in health and education in rural areas leads to migration of unskilled labor to urban 
areas, increasing poverty and nutrition insecurity. 


India — Tamil Nadu, South India 


The effects of climate change are felt throughout the state of Tamil Nadu. The 
weather is highly irregular with the rising temperature trends, and the intensity and 
frequency of droughts and floods that affect the poor and most vulnerable are grow- 
ing. Tamil Nadu’s government is working very hard to counter the effects of climate 
change through many programs, including the development and implementation of 
a State action plan on climate change. Government policy also promotes climate- 
resilient farming practices by offering incentives and developing people’s capacity 
to cope with extreme climatic conditions. 


Green Pathway. Tamil Nadu implements the programs under NMSA. The state is 
also adopting cleaner and low-carbon technologies, including renewable energy. 
Mass tree planting is promoted to increase the green cover. Water harvest- 
ing structures have been created to increase the water availability in the state. 
Soil and water conservation measures are practiced for improving agricultural 
productivity. 


Grey Pathway. In Tamil Nadu, the agricultural sector is highly impacted by fluctu- 
ation in prices for the harvested produces. Moreover, conflict for water is increasing 
as the state does not have major catchment areas, making crop cultivation highly 
uncertain. Technological interventions have improved the productivity of the crops, 
however, due to indiscriminate use of fertilizers and pesticides, greenhouse gas con- 
centration is increasing in the atmosphere. Water pollution due to leather and dyeing 
industries is yet another issue of great concern to agriculture. Fragmentation of farm 
holdings also increases the small and marginal farm holdings leading to increased 
vulnerability. 
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Pakistan 


Food security (FS) and poverty reduction are the main challenges for the developing 
economies of South Asia. Future agricultural systems will be different due to radical 
technological advancements. 


Green Pathway. Government prioritizes the agricultural sector to achieve food 
security and sustainable development, with increased public investment in research, 
technology, infrastructure, and extension services. Support in the form of agricultural 
finance, insurance, improved seed, and information and technology transfer will 
support farming systems. Imports of food grains will be liberalized. Educational 
and health investments will reduce population growth. 


Grey Pathway. Production increases will be through technological advancements, 
improved cultivars, and mechanized farming, increasing cropping intensity. Subsi- 
dies will be on farm machinery, agricultural inputs, and outputs due to high input and 
output prices. Intensification of agriculture will negatively affect the natural ecosys- 
tem. Public policies prioritize increasing agricultural growth to feed the masses and 
take advantage of trade opportunities at the expense of resource deterioration. 


Kenya 


In both futures, productivity increases substantially, largely due to (partly) imple- 
mentation of agricultural interventions and policies outlined in Vision 2030 for 
Kenya focusing on meeting the Millennium Development Goals (MDGs) and the 
SDGs. 


Green Pathway. Increased investment in technologies that are environmentally 
friendly has helped the country achieve a sustainable pathway. However, economic 
growth has slowed as the main investments are focused on public services such as 
health, education, and clean energy. Policy changes and infrastructure improvements 
facilitate the development of markets and availability of agricultural inputs, leading 
to higher farm incomes. Farms become more diversified and less dependent on 
maize; there is increased crop—livestock integration and off-farm income. Moreover, 
household sizes are smaller while farm sizes are larger. 


Grey Pathway. The government has an aggressive policy to promote the industry 
and services sector and there is low investment in sustainable agricultural poli- 
cies. Import barriers are in place and lead to increases in prices of imported goods, 
including mineral fertilizers. Low investment in health and education contributes to 
an increase in inequality. High population growth increases the pressure on agricul- 
tural land with the consequences of unsustainable agricultural intensification and 
negative environmental effects. Moreover, farms become smaller in some areas, 
while consolidation occurs in other areas. 
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The RAPs process created confidence in the following trends, disaggregated for 
different agro-ecologies (or maize potential zones, MPZs) in Kenya: 


Green Path 


e High and medium MPZs: increased use of mineral fertilizers, manure (pro- 
duced on-farm), and improved maize varieties. Productivity is also improved by 
extension, education, and information available to farmers. These changes are 
accompanied by decreases in fertilizer prices, increases in seed prices, increases 
in labor wages, and increases in mechanization costs. There are also a number of 
changes in livestock production due to government investment in infrastructure 
for the livestock and dairy sectors. Households increase their herd sizes (includ- 
ing more improved breeds) and implement improved management practices, such 
as using more concentrates for feed. This leads to higher milk yields and higher 
production costs. Moreover, due to market development, milk prices increase. 

e Low MPZ: Milk-selling farms decrease their reliance on maize and focus more 
on milk production. The proportion of land area currently allocated to maize 
is decreased in order to increase the area of Napier grass and pastures. On the 
remaining maize land, these households institute similar improved management 
practices as those discussed above. 


Grey Path 


e High and medium MPZs: farms increase their proportion of maize area com- 
pared to the current systems. Maize yields increase due to similar management 
improvements as in RAP 4, except production occurs with more adverse envi- 
ronmental outcomes. For example, farms use less organic fertilizer and less 
soil conservation techniques, which results in soil degradation. Similar to farm 
size, average herd sizes do not change compared to current systems, but there 
is increased variation as some farms increase their herds and others decrease. 
Milk yields improve due to improved management and breeding, which leads to 
increased production costs as well. Moreover, milk price increases for similar 
reasons as RAP 4, but to a lesser extent. There is a lower degree of crop-livestock 
integration than in RAP 4, as well. Households do not use the outputs from live- 
stock activities (e.g., manure) as productive inputs in crop activities (and vice 
versa) to the same extent as in RAP 4. 

e Low MPZs: Milk-selling farms allocate land to Napier grass and pastures, but 
to a lesser degree than in RAP 4. Maize production systems and milk production 
systems are similar to RAP 4, but with increased soil degradation and less crop- 
livestock integration, resulting in lower manure use. In addition, milk prices do 
not increase to the same degree as RAP 4, due to lower market development. 
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South Africa 


South African agriculture is influenced by multiple exogenous factors, with the 
three most important being domestic macro-economic conditions, policy uncer- 
tainty, and international market dynamics, which all contribute significantly to high 
levels of uncertainty. Despite initially improved sentiments surrounding changes in 
government, reform has been slow and South Africa’s economy continues to face 
multiple structural challenges. Thus, following a period of prolonged growth, the 
combination of variable climatic conditions and macro-economic fluctuations have 
created an exceptionally volatile environment for South African agriculture, which 
is anticipated to be exacerbated by climate change. 

The interaction with the stakeholders highlighted that there were certain fac- 
tors within the local sphere where the farmers had a great deal of influence, e.g., 
precision farming, conservation agriculture, crop rotation, crop type, and choice of 
cultivar, while there were, however, many more factors the farmers have very little 
power over which are in the hands of policymakers, politicians, and the broader 
community to make contributions, e.g., greenhouse gas mitigation legislation, trade 
tariffs, minimum wages, exchange rates, land reform, and crime/theft, to name but 
a few. 


Green Pathway. This path is the so-called “Pap, Vleis, and Gravy” (i.e., “porridge, 
meat, and gravy”) path, which is characterized by a low-carbon green economy with 
sustainable growth and it mainly focuses on conservation agriculture. 


Grey Pathway. This path, the so-called “Skorokoro” scenario, meaning worn and 
ragged beyond its years, is one in which we have the case of the “tragedy of the 
commons” where everyone can use, but all will share in the abuse of, the ecosystem. 


The RAPs process leads to the following findings: 


e Global prices will still govern profitability: Profitability levels might be 
higher under the “Skorokoro” (Grey Pathway) scenario; however, yield vari- 
ability is less under the “Pap, Vleis, and Gravy” (Green Pathway) scenario, 
which can be mainly attributed to the projected pricing structures for the 
commodities associated with each of these projections by global economic 
models. 

e Policy certainty must be one of government’s highest priorities: Commercial 
farmers are more interested in policy adaptations than in bio-physical adaptations 
and these will have to be addressed to ensure continued plantings of the staple 
crops, especially in the light of national FS. 

e Irrigation is not an option to mitigate the effect of climate change: Assuming 
that enough water is available, expanding irrigation as a strategy to mitigate the 
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effects of climate change in the Free State will be a poor choice as an adaptation 
strategy, as modeling indicates that both yields and profits are projected to decrease 
marginally. 

e Support crop breeding and research: Over 60% of farmers in the Free State are 
projected to adopt proposed adaptation packages. Investment into the breeding 
of heat- and drought-tolerant cultivars and research into conservation agriculture 
and good crop husbandry is therefore important. 


Senegal — Nioro 


In the “sustainable future” (Green Pathway) as well as the “fossil fuel development” 
(Grey Pathway) scenario, climate change will impact cereal yields negatively, while 
peanut productivity will benefit from climate change due to CO; fertilization effects 
on peanuts. Overall, due to the importance of peanuts in the households, climate 
change would have a positive impact on Nioro farmers’ livelihoods, under high price 
scenarios. Under low prices, climate change would have a negative impact on Nioro 
farmers’ livelihoods in most cases. 

In both price scenarios, adoption rates are higher for the sustainable future. Also, 
simulation results show that more farmers tend to adopt the adaptation package (heat- 
tolerant varieties) when they produce under unfavorable price conditions. Under the 
sustainable futures, the adaptation package yields greater outcomes, such as higher 
returns to farmers or lower poverty rates. 


Green Pathway. Inclusive approaches in public policies are implemented along- 
side significant development of community initiatives and greater accountability of 
grassroots organizations. Good agro-ecological practices are mainstreamed, includ- 
ing through appropriate training of local actors and curriculum development in 
schools and training institutes. Fertilizer subsidies are increased slightly, while the 
use of organic fertilizer is encouraged. 

Herd sizes decrease a bit, partly due to land fragmentation. But livestock pro- 
ductivity improves, as a result of improved feeding and animal health programs. 
Agro-ecological practices and sustainable land management contribute to a restora- 
tion and a gradual improvement of soil fertility in particular with better integration 
of crop—livestock production systems. The use of water storage technologies and 
better management induce increased availability and accessibility to water. 

Decentralization policies are fully implemented in a context of improved human 
and social capital. The development of infrastructure, greater access to ICTs, and 
the process of urbanization put some stress on labor availability, in particular for 
on-farm activities, while ongoing social and economic processes generate household 
segmentation along with greater labor demand for off-farm income. 
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Grey Pathway. Population growth and rapid urbanization lead policymakers to 
further develop infrastructure and rapidly raise agricultural productivity. The agri- 
cultural sector is a policy priority and must respond quickly to increased demand, 
particularly from urban dwellers. Input subsidies, development of road networks, 
and the revitalization of the peanut basin are key interventions. 

These policies and interventions are fulfilled without proper application of good 
and environmentally friendly agricultural practices, thus contributing to soil degra- 
dation and unsustainable use of water resources. Herd sizes and livestock productiv- 
ity rise as a result of improved political support to the sector, better health protection 
programs, greater urban demand, and the determination of pastoralists to seize these 
market opportunities. 

The development of the digital economy, mechanization of agriculture, and a 
strong energy demand exert a powerful influence on rural activities. Household size 
decreases along with fragmented farms. Stronger and better road networks increase 
employment opportunities outside agriculture. 


Ghana — Navrongo 


Both Representative Agriculture Pathways will result in increased productivity, but 
in a more sustainable manner under the Green Pathway. On the one hand, all indica- 
tors under bio-physical, institutional, and technological categories will increase, but 
in varied magnitudes, under both RAPs; on the other hand, most of the indicators 
under the socio-economic category would decrease under the Grey Pathway. 


Green Pathway. Environmental concerns are at the heart of Ghana’s development 
pathway. This translates to an emphasis on soil conservation and the increased use 
of manure, resulting in part from greater herd size. Despite this inclination for 
sustainability, fertilizer use is likely to increase. Policymakers design ambitious 
policies that provide subsidies to both organic and chemical fertilizers. They also 
pay greater attention to agricultural research and policies that support sustainable 
agriculture. Extension services are also improved, tapping on various new tools and 
providing tailored knowledge and information to farmers. 

Profound structural changes affect families and farms. Education and urbaniza- 
tion induce people to migrate and family size to decrease progressively. At the same 
time, the consensus around sustainability means that family-based agricultural sys- 
tems are required to cope with the labor-intensive nature of these systems. However, 
as more land is available, mechanization receives full support from policymakers 
who are eager to witness productivity gains, both on crops and livestock, but demand 
a sustained use of these resources. Livestock plays a key role, not only for its con- 
tribution to land restoration, but also its source of revenues that are essential to the 
livelihoods of most farmers. 
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Grey Pathway. Modernization and intensification of agriculture are the focus 
of Ghana’s development pathway, with the aim to produce sufficient food locally, 
to meet the increasing population demands. Due to high imports of rice, meat, and 
poultry products, shortfalls in maize production, and the persistent and widening 
gap between consumption and domestic production, it is the desire of the govern- 
ment to reduce these production deficits significantly. As a result, policies are set for 
a rapid agricultural growth and output which would be achieved via increased use 
of inputs such as fertilizers, supplementary irrigation, increased machinery use that 
would increase production acreages, and labor productivity among others. Animal 
productivity is expected to increase due to more capital input, improved disease con- 
trol, as well as due to the high income groups becoming attracted to commercial agri- 
culture. Interviews with various stakeholders point towards significant deterioration 
of the soil quality and its resilience due to intensive use of heavy machinery and mini- 
mum conservation measures. It is expected that the continuous introduction of mech- 
anization would displace agricultural labor demand, leading to rural—urban drift, 
slight increase in off-farm occupations, and long-term reduction in household sizes. 

The development of these two RAPs lead to the following conclusions. Under 
the Grey Pathway, adoption must be equally balanced by intensive soil conserva- 
tion strategies. The peculiar low inherent organic matter content and low structural 
stability of tropical soils would require the adoption of less heavy but effective 
machinery, such as power tillers, instead of the promotion of the heavier type of 
tractors. Engineering structures that reduce runoff leading to reduced erosion must 
be a priority as part of the modernization drive. Agrochemical use must also be 
regulated, as the use of chemicals is expected to increase. Addressing this challenge 
will require intensive farmer education and enhanced extension services. 

In the case of the Green Pathway, it has to be noted that though it is environ- 
mentally friendly and sustainable in the long run, measures to fill the short-term 
production shortfalls have to be put in place to alleviate any initial food shortages. 
Where chemicals are to be used as part of no till systems, farmer training would be 
required. 


Policies for a rapid agricultural growth and output would be achieved through: 


e Increased use of inputs such as fertilizers with the introduction of subsidies to 
enable more smallholders to be able to afford and increase use of the same; 

e Improved pricing and infrastructure to optimize benefits from produce and reduce 
post-harvest losses respectively; 

e Another important policy is increased education and improved extension services 
to help promote good agronomic practices among farmers and thus, increase 
productivity; 

e Supplementary irrigation to offset climate change effects; 
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e Increased use of appropriate machinery that would increase production acreages, 
labor productivity among others. 


RAPs across Scales: Lessons from Initial Applications 


Guiding and influencing future worlds requires supportive policy and institutional 
frameworks across scales and landscapes. The common observation of low adoption 
rates, despite high potential for technologies, requires us asking why changes are 
not being implemented, and goes back to persisting institutional barriers. A more 
comprehensive analysis about policies and institutions and consistency between 
policy formulation and their implementation are required. In countries with complex 
political division like India or Zimbabwe, national and local level policies might be 
formulated and implemented in different ways. 

The RAPs approach allows us to compare national narratives and drivers with 
those at the regional, district, or local level and verify their consistency. Agricul- 
tural policies are usually issued at national level. These policies inform state level 
conditions and investments, and these, in turn, influence the local level conditions 
(Fig. 4). Within a country, it is also possible that state-level conditions differ across 
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Local or site(s) 
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Fig. 4. Scope of RAPs across scales. 
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the landscape, with implications for the local level conditions. Local level drivers 
explain much of the dynamics at play, under the framework of national policies and 
the extent to which they are being implemented. For developing sustainable adap- 
tation options and pathways, it is hence important to understand the higher-level 
drivers (e.g., policies) and how consistently they are being implemented across the 
sites. In this context, the RRTs of India and Zimbabwe developed and implemented 
protocols to develop national level RAPs using their local-specific pathways as 
starting points. These processes that included engagement of national-level stake- 
holders are described as follows. 


India — Multiple sites informing national RAPS 
National RAP process 


The need to verify consistency of national policies and conditions came up when 
comparing results from local level assessments. Consistency is crucial for the process 
of developing and testing adaptation options across the different sites. National 
and state level RAPs were developed and implemented in AgMIP RRT Phase II 
(see Box 1 and Fig. 5). The framework, followed to engage with stakeholders, is 
described in Fig. 5. 


RCP 4.5 and RCP 8.5 RCP 4.5 and RCP 8.5 
SSP1, SSP2 and SSP4 SSP1, SSP2 and SSP4 
Global Economic Model Global Economic Model 

outputs outputs 


ZIMBABWE 


Srrer = Future work 


Fig. 5. National RAPs for India and Zimbabwe. 
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Developing National Level RAPs for India 
Identify national-level drivers (policy, regulations, exogenous conditions) included in current RAPs 
Mandatory, Enabling, Incentivizing policies —focus on Agricultural sector or on those that have impacts 
on agriculture 
Identify common Business as Usual trends of key drivers across sites 
State Level: Use Phase I RAPs as starting point 
+ Review consistency of RAP drivers within each state (i.e. across sites) 
Merge and review narratives to create a state level Business as usual RAPs 
Engage stakeholders at local and state level to obtain feedback on state BAU RAP 
Document these narratives with current studies, papers, etc. 
Natonal Level BAU RAP 
Indian Teams will research and document specific RAP drivers at national level and assess the 
consistency with national level RAPs. 
Indian Teams will work together to merge the state level RAPs and develop the national BAU RAP 
narrative linked to SSP2. 
BAU National RAP is distributed to stakeholders for feedback. 
Develop Natonal RAPs Green and Grey (linked to SSP1 and SSP5) 
Review key SSP/Global Drivers 
Start with RAP 4 Green: 
The India strategic Vision 2050 document as a basis to set the trends that will lead to RAP 4 
conditions. 
Review Vision 2050 and extract all national level: policies, regulations, etc, using the key drivers 
identified in SSP2. 
Draft narratives and trends, using the Vision 2050 and other studies to support them. 
RAP 5: Review Rap 4 narratives and discuss the possible drivers that will be different under these 
global conditions (SSP3). 
+ Draft RAP narratives and trends, support these narratives with publications or other studies 
Consistency: 
Parallel review of Drivers for BAU (RAP 2), Green (RAP 4) and Grey (RAP 5) at national level 
State level consistency: 
Review policies, institutions, etc at State level to make sure they are consistent (NOTE: 
Guiding policies at national level should be the same, however at state level the magnitude 
of changes or degree of implementation may vary). 
Local Level: 
Review RAP narratives at local level. 
Stakeholder Engagement 
Conduct a workshop with national level stakeholders (state-level could also be invited) to review the 
narratives, policies and consistency across scales and types of RAPs. 


Box 1. Steps to develop national-level RAPs for India. 


The process 


RAPs process was initiated and implemented by involving site-specific research and 
developmental institutions from the state and national agricultural research system, 
and also farmers, line departments, and developmental organizations. 

This process was upscaled at regional and national levels, which ensured collec- 
tive participation and feedback from all the stakeholders. 

At local level, more weight was given to farmers’ inputs and feedback 
on different growth scenarios, while at the national level, consultation with 
experts from national and international (CG institutions) research systems pro- 
vided more scientific rigor to the two development pathways visualized for Indian 
agriculture. 


e The IGB Team initiated the RAPs development process with a brainstorming 
meeting of the stakeholders organized at PDFSR Modipuram (Meerut), India in 
July 2013. 

e Prior to this meeting, the team discussed and prepared local RAPs trends in con- 
sultation with fellow researchers from the national agricultural research system. 

e The brainstorming meeting saw participation of the farmers, agricultural develop- 
ment officials, senior faculty from the agricultural university and scientists from 
the agricultural and environmental sciences field. 
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e Prior information was provided to all the participants about the usefulness of 
RAPs and the objectives of the stakeholders’ consultation. 

e After an overview of AgMIP project, steps in RAPs development were explained 
to the participants, followed by detailed discussion on the future scenario of farm- 
ing in the region. 

e The event was widely covered by the local media. 


National RAP Narratives 


RAP 2: Business as usual. India follows the current trends in relation to population 
and economy growth. Government continues with agricultural policies as is the usual 
practice. Industries (energy and fertilizer) face issues to modernize and innovate. 
Government reduces subsidies to increase industries’ earnings with the hope they 
can innovate and use modern technology. However, there is little change in market 
infrastructure and input prices due to the continued dependence on imports to satisfy 
domestic demand. International regulations and trade lead to continued MSPs for 
major water-intensive crops. Policy on land tenure increases land fragmentation due 
to inheritance policies, thus reducing average farm size. At the same time, non-farm 
activities cause a decrease on agricultural labor availability. Government promotes 
and facilitates the use of new improved crop varieties, however, yield increases are 
limited due to low soil productivity and the low use of mineral and organic fertilizers. 
Increase in productivity is higher in regions where investments on irrigation and 
value-chains have been promoted by private sector rained by further decline in soil 
health and groundwater availability and quality. 


RAP 4: “Green India” moving along the sustainable development pathway. 
India’s efforts in sustaining economic growth, poverty alleviation, and improving 
food security contributed to the success of achieving the Sustainable Development 
Goals and to continue the sustainability pathway. The key pillars for this success 
are based on public and private investments for R&D and technological innova- 
tions that take into account improving environmental conditions and reducing social 
inequalities. Policies oriented to promote sustainable natural resource management 
practices, land use policies along with investments in infrastructure, markets, exten- 
sion services, human capacity (e.g., improved education and health services) lead to 
restructuring of traditional support programs (e.g., subsidies, MSPs) and use those 
resources for programs that help increase farm productivity (increase crop and live- 
stock yields) sustainably. Government investment on public health and education 
slows population growth rate and improves household income distribution. 


RAP 5: “Gray India” moving along the degradation pathway. India’s continued 
economic growth places the country as one of the largest economies in the world 
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Fig. 6. Development of National RAPs in India: Framework to engage stakeholders across multiple 
scales. 


(Fig. 6). However, increased population and demand for food leads to establishment 
of policies aimed at reducing food insecurity but without consideration of negative 
effects on the environment (e.g., soil and water quality). Unsustainable agricultural 
practices (e.g., continuous mono cropping) and land fragmentation cause conflicts 
over the use of natural resources (e.g., water). Government policies are unable to 
deal with demographic, ecological, and developmental problems. Low investment 
on health and education in rural areas and new off-farm opportunities due to devel- 
opment of new industries shift labor out of agriculture. Unstable market conditions 
due to domestic and international conflicts prompt the government to increase pro- 
tection programs for farmers (e.g., MSP). Agricultural productivity has increased 
due to new crop varieties, but land degradation and other environmental issues have 
started to cause little response to improved varieties and other new technologies. 
Social inequality has increased due to ineffective reforms for security of land tenure 
and weak institutions for collective action. 


Stakeholder Feedback 


The first brainstorming meeting was followed up by a meeting with higher level 
research managers and policy planners (mid-term workshop). It emerged that: 


e Though there is District Contingency Plan & mid-term correction, there is no 
formal action plan for climate change adaptation. 
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e Farm science centers (632) exist for information delivery, and private sector-led 
mobile advisory services project adverse weather conditions. 

e The available technologies more than double production potential, if location- 
specific adaptation strategies are to be followed. 

e More sites need to be covered for location-specific RAPs for comprehensive Inte- 
grated Assessment of IGB region, which has huge diversity. 

e Network of research institutes working on climate change issues in IGB must be 
developed. 

e There are no perfect RAPs — hence several RAPs may be developed for each 
region. 

e Emphasis should be on the farming system approach to manage climate change 
and minimize risk. 

e Wider participation of policymakers in RAPs development process will have more 
influence in decision making for adaptation to climate change. 

e Climate change requires a long-term strategy — hence AgMIP RIAs should be 
taken up for longer duration. 


Some reflections from stakeholders: 
Dr. Alok K. Sikka, DDG (NRM), ICAR 


e Ensemble of GCMs should be explored to get single value of climate change 
impact on agricultural production systems. 
e More adaptation packages need to be tested. 


Prof. Akhtar Haseeb, Vice-Chancellor, NDUAT, Faizabad 


e AgMIP scenario analysis should provide projection for near future (year 2030) 
also. 

e The University will provide all-out support for such (climate change projection) 
type of research. 


Dr. K.K. Singh, Director (Agromet), IMD, Ministry of Earth Sciences 


e Local level climate forecast and advisory and its dissemination through automa- 
tion is the need of the hour. 


National-level RAPs workshop 


A national-level RAPs workshop was carried out in New Delhi with the participation 
of key national and state level stakeholders, scientists, and AgMIP’s team members. 
The overarching goal of the national level workshop was to validate the national 
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level Green and Grey Representative Agricultural Pathways and finalize the narra- 
tives and indicators/drivers which project long-term agricultural changes in India 
by incorporating the inputs from experts/subject-matter specialists. The idea of a 
national RAPs meeting was introduced by the IGB team during the AgMIP Phase-I 
proposing an inverted pyramid approach for stakeholders’ engagement, as shown in 
Fig. 3. The main focus at the national level workshop was: 


e Cross-cutting themes focusing on uncertainty, aggregation over scales, and rep- 
resentative agricultural pathways consistent with SSP and RCP; 

e Model inter-comparisons and improvements under different scenarios; 

e Inter-disciplinary team of climate, crop modelers, and economic modeling sup- 
ported by information technologies for regional, global, and crop-specific assess- 
ments; 

e Capacity building and decision-making for vulnerability assessment and adapta- 
tion strategies. 


Outcomes for stakeholders 


e Knowledge was gained on the process and outcomes of RAPs, as all the stake- 
holders were unaware of RAPs when the day started. 

e Stakeholders opined that it was good opportunity to integrate their needs/ 
experiences with the AgMIP research for mutual benefit. 

e They got the opportunity to be part of RAPs science community/modeling group 
that would keep them in the information loop in the future. 

e Experiences and exchange of ideas during the meeting may sow the seed for future 
research. 


Outcomes for AgMIP 


e AgMIP gained visibility among decision makers and top-level scientific 
community. 

e RAPs scenario for “Green India” and “Grey India” got vetted, and the process 
for finalizing the RAPs was initiated. 

e New insights were gained for more focused modeling simulations and assess- 
ments. 

e The need for AgMIP India was expressed unanimously by the stakeholders. 


Overall findings 


e The national RAPs consultation provided an opportunity to integrate stakeholders’ 
needs with AgMIP research for mutual benefit. 
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Business as Usual 


2050 


Fig. 7. National Representative Agricultural Pathways for India. 


e The stakeholders were eager to be part of RAPs science community/modeling 
group that would keep them in the information loop in future, and experiences 
gained may sow the seed for future research. 

e AgMIP gained more visibility among decision makers and top scientific commu- 
nity. RAPs for Green India and Grey India got vetted by the stakeholders (see 
Fig. 7). 

e New insights gained from this workshop helped in more focused modeling work, 
and finally, the AgMIP India concept got a thumbs up from the stakeholders. 


Zimbabwe — National RAPs for crop livestock farming systems 
National RAP process 


The Crop Livestock Intensification Project (CLIP) was implemented in Nkayi 
district, for representing drylands in Zimbabwe, which cover about a third of 
Zimbabwe, and for which integration of crops and livestock was recognized as a 
trajectory. 
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Fig. 8. AgMIP-CLIP iterative process at provincial and national levels. 


The RAP process had started at provincial level with regional analysis, on climate 
change impacts assessments (see Fig. 8). The approach and results were scaled 
up to national level dialogue, providing solid information on policies and other 
trends, while at the same time verifying consistency between local to national level 
institutional and policy frameworks. Participants at the national RAP workshop 
included national and sub-national representatives on crops, livestock, economics, 
environment, climate, and gender, from government departments, academia, and 
UNDP. 

These were the steps for developing the national RAPs: 


1. Drafting the baseline: The RRT along with a few national government repre- 
sentatives had drafted national RAP 2 (BAU), adjusted from provincial level 
assessments and screening government policies and background literature, fol- 
lowed by an AgMIP internal revision. 

2. National level preparatory meeting: national and provincial stakeholders had 
used the draft national BAU RAP as baseline to develop draft national Green and 
Grey RAPs. 

3. National RAP workshop: national and provincial stakeholders initially discussed 
approaches and tools, efficiency, and gaps in policy decision-making process in 
Zimbabwe. They then revised the three RAPs, and initiated the discussion on 
usefulness of RAPs to inform national decision processes. 

4. Revision of both provincial and national level RAPs, with feedback from the 
AgMIP’s internal revision processes. 

5. Creation of additional RAPs, considering socio-political dynamics. 


74 R.O. Valdivia et al. 


ye 
9 
gg AC 
i ot ann 
Ne * gem 
ENEDA 
aee VA 
i S aio p 
NE 
(oe 


Business as Usual 


2050 
Fig. 9. National Representative Agricultural Pathways for Zimbabwe. 


National RAP narratives for Zimbabwe 


RAP 2: Business As Usual, Zimbabwe slowly emerges out of crisis. Zimbabwe’s 
agricultural policies aim to achieve food and nutrition security, and reduce rural 
poverty through mid-term-oriented increased and market-oriented crop and live- 
stock production (Fig. 9). Policy implementation will however remain fragmented, 
due to slow recovery from the economic crisis and weak institutions. Interventions 
are driven by objectives to address food and income deficits and provide safety 
net assistance. Economic constraints will slow down investments and longer term 
production improvements. Improving land tenure security will provide incentives 
for the private sector in some areas and for some commodities. Efforts to revital- 
ize market infrastructure and organization and greater support to extension services 
for technology uptake will slightly increase the contribution of agriculture to the 
Gross Domestic Product (GDP). Liberal trade policies with trade fluctuations due 
to recurrent droughts will reduce price growth. Environmental degradation will still 
be on the increase, despite greater emphasis on environmentally sound productivity- 
enhancing technologies. Limited employment opportunities in urban areas curtail 
rural-urban migration. 


RAP 4: Green Zimbabwe, Sustainable development. Zimbabwe’s agricul- 
tural policies are towards food and nutrition security and inclusive economic 
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development, through longer term socially, economically, and environmentally sus- 
tainable transitions. There will be proactive collaboration and self-organization 
among private sector, research and development, farmer unions, and civil society. 
The public sector will support institutional development, policy implementation, 
and oversight. Emphasis will be on promoting market-based solutions that improve 
market access and work for all farmers, and sustainable intensification (rainfed and 
irrigation) raising productivity, production, and market surplus, while promoting 
risk-minimizing technologies. 

Policies enabling infrastructure development, land tenure security, human capac- 
ity, along with R&D investment in scaling technical innovations and delivery ser- 
vices will make farming more cost-effective and attractive. Intensification will be 
through large-scale diversification of food and cash crops, integration of multi- 
ple uses of crops and livestock, synergies between inorganic and organic soil fer- 
tility amendments, and on-farm livestock feed production. Government support 
for equitable access to human health and education will raise the average rural 
life expectancy, while slowing down the population growth rate. It will favor cul- 
tural diversity and women’s role in agriculture, reducing labor burdens and easing 
women’s access to input and output markets. Economic development will, how- 
ever, be slow, and provide only limited options for alternative income generation, 
curtailing rural-urban migration. 

The group agreed on a name that represents the Green RAP best for them: 
Greener pastures (Huchi Nemukaka, land of plenty, milk and honey) (see Fig. 10). 
This scenario was seen as promoting inclusive growth and sustainable livelihoods 
in the agricultural sector, ecosystems that respect agriculture. 


RAP 5: Grey Zimbabwe, Fast economic development. Zimbabwe’s agricultural 
policies target fast economic growth through trade within the Southern Africa 
regional network. Government plays a strong role in controlling the economic pull 
by the more advanced economies to develop their comparative economic advantages 
within the region. The agricultural economy will be driven by objectives to com- 
mercialize the farming sector, using intensified farming methods for quick achieve- 
ments of food security and cash income, with large areas of land under staple and 
cash crops. Intensification will be through specialization, with high use of exotic 
crops and breeds, inorganic fertilizers, commercial livestock feeds, and mechanized 
production processes. With a tendency to monoculture, levels of pest and disease 
control will be high. Public and private investments will support the intensifica- 
tion processes, and agro-industries and agricultural delivery systems will push the 
dissemination of improved technologies, inputs, and information. High economic 
growth rates in agriculture will however not last, due to unsustainable practices and 
unfairness in market processes. 
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Fig. 10. Zimbabwe’s Green RAP: Greener pastures — Huchi Nemukaka. 


Environmental services will be driven by the motivation to ensure market flows; 
rampant deforestation and clearing of land will cause degradation in large parts of the 
country. Pollution levels will increase, with risks of food contamination and health 
hazards. Disregard of social standards and individualization in rural development 
processes will eventually lead to growing inequality among rural populations. Higher 
potential rural areas will be managed by commercializing farmers, while large parts 
of the population will be driven to practice agriculture in marginal rural areas and 
aggravate resource degradation. 

In this future world, fewer of those more MO farmers, with cattle and in a better 
position to intensify, will expand and intensify agricultural production, through 
mechanization and increasing the use of local labor. The number of poor will 
increase, people who still depend on agriculture for sustaining FS, and hence main- 
tain a small share in agriculture, while also engaging more in off-farm activities 
than farming themselves, thus, becoming a reduced labor force. This future lacks 
empowerment support for rural communities and is male dominated. Urban and 
agricultural industries will provide employment opportunities for the poor, enhanc- 
ing migration out of agriculture. Life expectancy of the average rural population will 
decline. 
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Examples of how the national RAP process supported initiatives 


As the RAPs were designed to match with context-specific conditions and trends, 
so are the RRT’s lessons generated from engaging with stakeholders in this 
process. 


Zimbabwe 


e RAPs design and impact assessment itself was feasible with a small budget, 
through integration with ongoing projects. 

e Trust, confidence, and continuity was established with the Climate Change Man- 
agement Department in the Ministry of Environment, Water and Climate. A key 
officer was co-opted into the AgMIP IE panel, and has been advising on the 
co-design of national scenarios. 

e The department linked the AgMIP-CLIP team to networks, programs, and dia- 
logues at national levels in Zimbabwe, on climate change and SDGs. 

e Links were established to ongoing climate change adaptation initiatives to inform 
how climate change adaptation options can be brought to scale, tested, verified, 
in such way that they respond not only to climate but also the future state of other 
socio-economic and environmental challenges. 

e The department requested more government staff to be capacitated in climate 
modeling and scenarios development, broadening the use of these approaches, 
and the learning capacity from implementation and verification. 


Stakeholder feedback on the national RAP process 


Mr. Ben Mache, Head of Crops Agricultural Technical and Extension Services, said 
that dialogues as the RAP development had initiated help to create conditions and 
mechanisms that can leverage uptake of technologies and cater to shock situations, 
in preparation for agriculture under future climate scenarios. 

The importance of sharing information on technologies was also stressed. 
“Informing crop improvement program is critical, especially for supporting the 
highly vulnerable smallholder farmers in marginal areas to adapt to climate vari- 
ability and change”, said Dr. Dumisani Kutywayo, Director Crops Research Divi- 
sion, Department of Research and Specialists Services. 

“It can guide policy processes and facilitate dialogue with research towards inte- 
grated farming systems” , said Dr. Reneth Mano, Agricultural Economist, Livestock 
and Meat Advisory Council, Zimbabwe. 

The impact of national level policies to shape the future of women in farming 
was among the issues discussed. “Women carry the major burden of farming in 
Zimbabwe, and there is no sign that this is going to change in the future; it might 
rather increase as male labour leaves rural areas for wage labour opportunities. 


78 R.O. Valdivia et al. 


Hence, what would it mean if policy evolved to ensure women equal control over 
resources, production factors, and information? What would be the implications for 
food security and nutrition?” 


Shared Socio-Economic Pathways for European Agriculture: 
The Eur-Agri-SSPs 


Objectives 


The national RAPs processes have been motivated by the need for scenarios to sup- 
port consistency in policy processes across multiple scales, verified through a series 
of regional case studies. A similar motivation led to the development of Eur-Agri- 
SSPs. A consortium of 17 universities and research institutes across Europe has 
developed a set of five qualitative scenarios, i.e., storylines, for European agricul- 
ture until 2050, the Eur-Agri-SSPs. The storylines aim to enrich and refine the SSPs 
with a continental and sectoral component, and to inform integrated assessments 
of agriculture and food systems by overcoming gaps in scenario parameters. The 
continental scale has been chosen because the national agriculture and food sectors 
in Europe are strongly interwoven economically and politically, and national devel- 
opments highly depend on decisions made at European scale. The time horizon of 
2050 is of interest for sectoral developments and seems reasonable for stakeholder 
engagement. 


Methods 


The Eur-Agri-SSP development process followed a newly developed protocol in 
order to enhance conceptual and methodological transparency, and to increase repli- 
cability and comparability of integrated assessments (Mitter et al., 2019). The pro- 
tocol is scale-neutral, such that it can be applied at national, regional, and local 
levels to further downscale the Eur-Agri-SSPs in a consistent and transparent way. 
As summarized in Box 2, the protocol defines nine working steps and suggests 
adequate methods and necessary feedback loops for each step. 

The research was conducted in close co-operation with European stakeholders 
related to the agriculture and food sectors. Stakeholder engagement was particularly 
useful for identifying and prioritizing storyline elements (working step 3) as well as 
for checking the storylines for internal consistency (working step 5). In total, stake- 
holders from 60 organizations and institutions working at European or national scale 
have contributed to the storylines either during a workshop or in a semi-structured 
interview. They are characterized by diverse backgrounds and topical expertise 
working in administration, advocacy groups, policy making, private or public 
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. Defining key characteristics of the storylines 

. Establishing a team and setting up a stakeholder group 
. Defining storyline elements 

. Drafting storylines 

. Consistency checks 

. Developing presentation formats 

. Peer and stakeholder review and revision of storylines 
. Dissemination of storylines 

. Evaluating collaboration for storyline development 


1 
2 
3 
4 
5 
6 
7 
8 
9 


Box 2. Working steps to develop the Eur-Agri-SSPs as defined in the protocol 
(Mitter et al., 2019). 


enterprises, private or public non-profit organizations, public inter-governmental 
organizations, and research. 


Results — The Eur-Agri-SSPs 


The Eur-Agri-SSPs outline plausible developments of socio-economic, environmen- 
tal, and technological conditions by following the SSP matrix architecture (O’ Neill 
etal., 2014, 2017). Hence, they describe plausible futures where challenges to miti- 
gation, adaptation, or other sustainability issues increase or decrease. The protocol- 
based, iterative development shall ensure that the Eur-Agri-SSPs are consistent, 
both internally and with the SSPs, are clear and comprehensible, rich and compre- 
hensive, and significantly different from each other. The level of detail is mainly 
driven by the needs of integrated assessment models at national to local level. While 
typical model inputs, such as changes in consumption, policies, or technology, and 
their relationships, are considered, the storylines should not anticipate typical model 
outputs, such as land use and land management choices. 

Given the SSP architecture, the Eur-Agri-SSPs describe contrasting develop- 
ments of European agriculture: Eur-Agri-SSP1 emphasizes sustainable develop- 
ment. It harmonizes consumption patterns with European production potentials 
under a green technological development paradigm. Eur-Agri-SSP2 follows his- 
torical patterns. It is the typical business-as-usual scenario that balances economic 
growth, high consumption patterns, and environmental protection. In Eur-Agri- 
SSP3, distrust leads to renationalization. This impacts the agricultural production 
and consumption patterns with pressures on land resources from a hampered tech- 
nological development. In Eur-Agri-SSP4, future development is dominated by a 
business-oriented, wealthy upper class. It segregates land use systems across Europe 
with strong agricultural industrialization patterns. Eur-Agri-SSP5 is characterized 
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by faith in material-intensive lifestyles, which dominate attitudes towards environ- 
mental protection. Strong economic growth leads to resource-intensive technologi- 
cal development in agriculture. 

For details on the storylines, we refer to Mitter et al. (2020) and the official 
website https://eur-agri-ssps.boku.ac.at/, 


Commonalities and differences between the RAPs 
and the Eur-Agri-SSP process 


The basic idea of developing RAPs and Eur-Agri-SSPs is similar. Both activities 
aim to improve the understanding of agriculture and food systems, and to inform 
regional quantitative integrated assessment models by following a structured and 
goal-oriented process. Interdisciplinary and participatory approaches have been 
applied in order to increase mutual understanding between researchers, policymak- 
ers, and representatives of the society, and to strengthen knowledge exchange and 
collaboration for meeting societal challenges. However, while the RAPs have been 
developed bottom-up and describe plausible states of the future, the Eur-Agri-SSPs 
follow a top-down, nested approach, and focus on plausible directions of change. 
The bottom-up approach has the clear advantage that stakeholders’ views can 
be integrated, which is crucial for RAPs at regional and national levels. This allows 
stakeholders to come up with their preferences and visions, i.e., a normative scenario 
component, during the scenario development. The top-down, nested approach of the 
Eur-Agri-SSPs ensures consistency with the global SSPs and proved effective at the 
European level. The available quantitative information on SSPs, e.g., data from 
marker scenarios (see the SSP data base https://tntcat.iiasa.ac.at/SspDb), can be 
integrated more easily. On the national or regional level, however, the SSP logic and 
its corresponding dominance of scenario hierarchies across scales may challenge 
stakeholder processes. Efforts may need to be taken to achieve stakeholder buy-in. 


Next steps for the Eur-Agri-SSPs 


Extensions of the Eur-Agri-SSPs shall comprise downscaling activities to national 
and sub-sectoral levels. For instance, regional or national storylines for the agricul- 
tural sector shall be developed in Austria, Estonia, Germany, and Switzerland within 
the SALBES project and regional storylines with a focus on soil management are 
being developed within BonaRes and SUSTAg. 


Discussion 


While the first generation of RAPs focused much on setting up the tools and engag- 
ing stakeholders to generate contrasting narratives, the advanced applications looked 
more at relevance for users. The process was designed to acknowledge uncertainty 
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about future decisions, yet engaging stakeholders to come up with desirable trajecto- 
ries, discuss investment and research priorities for future farming conditions, while 
being conscious about costs and impacts on society, implications for vulnerability, 
equity, gender, environment. 

One of the major outcomes across sites and scenarios was the agreement that the 
need to produce more nutritious foods for the ever-growing populations will result 
in investments that would increase productivity in a future with climate change, 
implying that agricultural potential is currently underutilized. If investments were 
made under current conditions with adequate technologies, infrastructure, and poli- 
cies, they were projected to help closing productivity gaps and facilitate adaptation 
to climate change in the future. The comparison of national and sub-national RAPs 
confirmed what appeared as a disconnect between the national policies and how 
they are implemented at state and local levels (in the current conditions). The RAPs 
can be used as a tool to verify/validate the consistency of policy implementation at 
different levels. 


Lessons from the RAP Process 


Unanimously, stakeholder views and preferences were for creating conditions that 
support sustainability pathways, which as the analysis proved, were also more eco- 
nomically viable and with faster returns on climate change adaptation, also supported 
functional structures and equity in society. The RAPs processes also highlighted 
the advantage of participatory planning approaches to develop a joint definition of 
desired future states and setting the basis for influencing decisions towards sustain- 
ability outcomes. The process brought forward important contributions to the SDG 
planning and investment priorities. 

e Define systems boundaries: With complexity of farming systems and dynamic 
changes in context, one challenge is to delineate predominant farming systems, for 
which climate change impacts and adaptation would be relevant. Clear definition 
of farming systems coverage with similar patterns is part of the initial RAPs pro- 
cess and helps to guide the change in key drivers and estimation of model param- 
eters. Similarly, it is important to review the underlying assumptions for each 
narrative as socio-political conditions and governance can involve abrupt changes. 

e Ensure data quality: Robust projections depend on quality data. Primary data are 
costly and often point-based; for meaningful extrapolation they need to be com- 
plemented and verified with secondary data, involving national census and other 
national and global data sets. Yet, data collection tools in use often do not collect 
the information required for climate change impact projections, e.g., prices and 
costs, productivity under smallholder conditions. Gaps also exist between local 
and global estimations. There is, hence, a need to upgrade data collection tools 
and verify the rationale beyond global projections using local assessments. 
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e Integrate climate change modeling with ongoing projects: Embedding the sce- 
nario development with other projects, with modeling as one element in a journey 
of ongoing collaborations where existing knowledge about the current farming 
systems can be beneficial to the RAPs development and the RIAs and at the same 
time can facilitate the estimation of multiple and interrelated changes under future 
conditions and climate change. 

e Engage stakeholders to assess and verify data: Engaging stakeholders from 
the beginning about why and how we assess climate change impacts is a way to 
bring robust research procedures into country decision processes, and vice versa, 
advise research on priority areas, provide inputs for technical options, and build 
on what has been done. Making representatives of national organizations part of 
the research team helps to further align the research with country programs, verify 
research and capacity development needs, supporting national climate action as 
a strategy to bring research results to scale. 

e Co-design pathways: Bringing in a diversity of experts at the various levels for a 
joint dialogue with scientists helps to capture the inherent knowledge of farming 
systems, their internal and external linkages, and the identification of institutional 
barriers. It can help to verify the plausibility of scientific knowledge and global 
simulations to create future worlds that represent real possible change. 

e Evaluate impacts with policy and decision makers: Proposed policy and tech- 
nology interventions can help to set priorities on what needs to change and how 
to endorse the change. 

e Improving protocols for scenario design and use: A series of case studies is 
a way to generate knowledge through exposure, validation, and improvement. 
Utilizing the growing body of literature and experience can permanently improve 
availability of data and processes at local to regional levels, and influence a change 
in processes. 


Conclusions 


The RAPs processes were useful to unpack the complexity of technical, institutional, 
and policy issues from local to national levels. They promoted scientists’ confidence 
for distilling powerful key messages that can be used to inform decision processes. 
Nurturing opportunities for stakeholders’ contributions supported buy-in, owner- 
ship, and continuity, e.g., in jointly designed research processes, options verified 
with communities, and from local to national levels. Each research team member 
was proficient in the research objectives and contents, across disciplines, to be able 
to guide multi-disciplinary dialogue with stakeholders. Inconsistencies, opportuni- 
ties, and challenges were identified, beyond individual disciplines and affiliations, 
and across local (district) provincial and national levels. A vertical and horizontal 
integration was fundamental to achieve agreement on the RAPs narratives across 
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scales and disciplines. Establishing solid research results and understanding local 
level conditions (opportunities and challenges) and taking that to national levels was 
seen as the right direction, as this provides facts and legitimacy, where decisions are 
often political rather than science-based. 

Engaging national research organizations and ministries in scenario generation 
and multi-model simulations would be transformative. Accessing and using sce- 
narios for strategic planning can support and enhance vulnerability assessments, 
adaptation costing, development of National Adaptation Plans (NAPs) and Nation- 
ally Determined Contributions (NDCs), and improve the development and feasibil- 
ity of projects (e.g., Green Climate Fund projects), academic studies and national 
communications. 


Annex 1. RAP Trend Tables 


See Tables A.1-A.17 for RAP trend tables from the AgMIP Regional Integrated 
Assessments. 


Pakistan 


Table A.1 shows the direction of change in variables for Sustainable (Green RAP) 
and Unsustainable (Grey RAP) Development Pathways. Unsustainable develop- 
ment would result in higher population growth, sheer land fragmentation, and low 
growth in other sectors, high unemployment, unstable markets, and high inflation 
in the economy. Sustainable development policies will lead to moderate increase 
in household size, small increase in non-farm income, small increase in herd size, 
stable markets, and low inflation in input and output markets. 


Table A.1. Pakistan, Punjab: Trends for Green and Grey RAPs. 


Variable Sustainable development Pathway | Unsustainable development 


(Green RAP) Pathway (Grey RAP) 
Farm Size Moderate Decrease Large Decrease 
Household Size Moderate Increase Large Increase 
Non-Agricultural Income Small Increase Small Increase 
Herd Size Small Increase Large Decrease 


Moderate Increase Large Increase 


Input Prices 


Moderate Increase Large Increase 
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Table A.2. Pakistan, Punjab: Drivers and storylines for the Green RAP. 


Indicators 


Farm Size 


Household Size 

Non- 
Agricultural 
Income 

Herd Size 


Input Prices 


Out Prices 


Direction 
of Change 


Decrease 


Increase 


Increase 


Increase 


Increase 


Increase 


Narrative for Green RAP 


The law of inheritance is the major determinant of division of 
farms in Pakistan. Mechanization, high returns and 
emergence of farm business as an enterprise will decrease at 
a lower scale 

Population is increasing due to religious and social reasons, 
multiple marriages 

Profitability in agriculture sector, High Unemployment rate, 
Increase in literacy rate in urban area, awareness, emergence 
of new enterprises 

Profitability, high demand of livestock products due to increase 
in incomes, economic potential for establishment of milk 
industry. 

Variable cost of production will increase with the same factor 
as output price increases. 

For output prices without climate change we have used the 
global projections and according to our regional conditions 
rationalize the output prices with climate change. 


Table A.3. Pakistan, Punjab: Drivers and storylines for the Grey RAP. 


Indicators 
Farm Size 
Household Size 


Non- 
Agricultural 
Income 


Herd Size 


Variable Cost of 
Production 
Output Prices 


Direction 
of Change 


Decrease 


Increase 


Increase 


Decrease 


Increase 


Increase 


Narrative for Grey RAP 


Land fragmentation is unavoidable in the presence of Law of 
Inheritance, without land policy it will decrease at large scale 

Population pressure, Religious and social norms, multiple 
marriages, desire for baby boy in rural society 

Industrialization, Urbanization, High returns on investment in 
other sectors, literacy rate increase will increase the 
non-farm income but at the same time population pressure 
and unemployment rate will also push the non-farm income 
at the present level 

Agricultural land will be declined and there will be intense 
competition between cash crops and fodder. Livestock will 
emerge as an enterprise and large farms on commercial basis 
will establish, it will be non-profitable at lower scale due to 
easy access of farm machinery, new breeds, and progressive 
farm management. 

Variable cost of production will increase with the same factor 
as output price increases. 

For output prices without climate change we have used the 
global projections and according to our regional conditions 
rationalize the output prices with climate change. 


South Africa 


Category Indicator 


Biophysical Soil fertility 
Soil pro- 


ductivity 


Water use 
efficiency 


Institutional/Policy Agricultural 
input sub- 
sidization 

Sustainable 
develop- 
ment 
focus 

Access to 
market 


Minimum 
wages on 
farm 


Variable/ 
of Change 


Increase 


Increase 


No change 


Increase 


Increase 


Increase 


Table A.4. South Africa, The Free State: Drivers and trends for the Green RAP. 


Direction 
of Change 


Small to Medium 


Small to Medium 


No change 


Large 


Medium to Large 


Large 


Magnitude 
Change 


Must increase to feed the 
nation. We must 
change the way we 
do things 

Technologies will be 
available, e.g., drip 
irrigation. Farmers 
will change systems 
that are most suited 
to crop of interest. 
Irrigation systems 
will minimize water 
loss. This can be 
taught to people. 
Water harvesting 
systems. 
Households will be 
water conscious. 

Market-driven economy 


Increased awareness — 
tax breaks, subsidy, 
insurance 


No barriers with an 
increased demand, 
open to new 
markets, global 
opportunities — 
tariffs 

More market 
opportunities, more 
efficient/profitable 
production 


Rationale for Percentage 
Direction and Change 
Magnitude of Over the 
Period Period 
3% Conservation farming 
10% Conservation farming 
and improved 
technology 
5% Food security, stability 
in food price 
structure 
5% Increase in current 
support packages 
15% Free and fair trade, 
international 
agreements 
6% Current legislation 


Rationale for 
Percentage 
Change Over 
Agreement Confidence 
Medium Medium 
Medium High 
Low Low 
Medium Medium 
Medium Medium 
High Low 


Scale of 
Influence 
(National, 

State, 
Local) 


National 


National 


National 


National 


National 


National 


Type of RAP 
Variable 
(Direct or 
Indirect 
Effect on 
Model Element in The 
Parameters) Model to Change 
Direct Variable cost, fixed 
cost and cost to 
change system 
Direct Variable cost, fixed 
cost and cost to 
change system 
Direct Fixed cost 
Direct Fixed cost 
Direct Price 
Direct Fixed cost 


(Continued) 
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Table A.4. (Continued) 


Type of RAP 
Variable 
Scale of (Direct or 
Rationale for Percentage Rationale for Influence Indirect 
Direction and Change Percentage (National, Effect on 
Variable/ Direction Magnitude Magnitude of Over the Change Over State, Model Element in The 
Category Indicator of Change of Change Change Period Period Agreement Confidence Local) Parameters) Model to Change 
Socio-Economic Farmland size Increase Small to Economy of scale 10% Current trend of Medium Medium National Direct Fixed cost 
Medium economies of scale 
will continue 
Off-farm Increase Medium to Diversification and more 3% Increase interest in green Medium Medium National Direct Off-farm income 
incomes Large opportunities due to lifestyle 
lower profit margins 
Technology Use of Energy Increase Medium to Will be using energy 10% Increased use of solar High Medium National Direct Variable cost, fixed 
(green) Large more efficiently. energy and biodiesel cost and cost to 
Increase in solar and change system 
wind energy. 
Investment into 
biofuels. Investment 
into energy derived 
from bacteria and 
algae. 

Access to Increase Large Knowledge economy, 20% Access to smart High Medium National Direct Variable cost, fixed 
informa- innovation, phone/technology/ cost and cost to 
tion and improved drones/satellite change system 
latest tech- technology, imagery 
nologies communication 

Price from Input prices Increase Medium Due to the importation 10% Quick access to High Medium National Direct Fixed and variable 
national/global of inputs international cost 
models (chemicals), developed 
increase in technologies at 
constrained competitive price 


resources 
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Table A.5. South Africa, The Free State: Drivers and trends for the Grey RAP. 


Category Indicator 


Biophysical Soil fertility 


Water availability/ 
quality 


Pests, weeds and 
diseases 


Institutional/Policy Access to market 


Municipal 
infrastructure 
maintenance 
and 
development 

Minimum wages on 
farm / 
administrative 
costs 


Decrease 


Decrease 


Increase 


Decrease 


Decrease 


Increase 


Variable/ Direction 
of Change of Change 


Large 


Small 


Magnitude 
Change 


Increased erosion, 
tragedy of the 
commons 
(Everyone can 
use, but all will 
share in the 
abuse) 

Depends on what 
will happen 


No change Some pest, weeds 


Large 


Large 


and diseases 
will increase 
whilst others 
will decrease 
Market system 
collapse, poor 
infrastructure 
No resource to 
finance 
infrastructure, 
not enough 
production 
Low production, 
low 
profitability 


Rationale for 

Direction and 

Magnitude of 
Period 


-1% 


—5% 


0% 


-5% 


-1% 


10% 


Percentage 
Change 
Over the 
Period 


Production methods 
that ensure 
highest yield 
irrespective of 
method 


Use of chemicals 
Water pollution 
Reduction of 
water 
allocation/use 
for mines 

Increased use of 
chemicals 


Domestic focus 


Diminished 
capacity/less 
investment 


Inflation driven — 
collective 
bargaining in 
agricultural 
sector 


Scale of 
Rationale for Influence 
Percentage (National, 
Change Over State, 
Agreement Confidence Local) 
Medium Low National 
Medium Medium National 
Low Low National 
Medium Low National 
High Medium National 
Medium Medium National 


Type of RAP 


Variable 
(Direct or 
Indirect 
Effect on 
Model 


Element in The 


Parameters) Model to Change 


Direct 


Direct 


Direct 


Direct 


Direct 


Direct 


Variable cost, fixed 
cost and cost to 
change system 


Change in irrigated 
area 


Variable cost, fixed 
cost (higher 
vehicle 
maintenance) 


Fixed cost (higher 
taxes) 


Fixed cost (higher 
taxes) 


Fixed cost (higher 
wages) 


(Continued) 
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Table A.5. (Continued) 


Type of RAP 
Variable 
Scale of (Direct or 
Rationale for Percentage Rationale for Influence Indirect 
Direction and Change Percentage (National, Effect on 
Variable/ Direction Magnitude Magnitude of Over the Change Over State, Model Element in The 
Category Indicator of Change of Change Change Period Period Agreement Confidence Local) Parameters) Model to Change 
Policy uncertainty Increase Large Policy environment 10% Corruption/no High Medium National Indirect 
challenging not conducive, cooperation 
investment government not between 
implementation responsive, government 
lack of departments 
information 
Socio-Economic Farmland size Increase Medium to Large Economy of scale 15% Horizontal Medium Medium National Direct Area 
expansion due 
to diminished 
ecosystem 
services 
Off-farm incomes Decrease Medium Intensified —3% No time for Medium Medium National Direct Off-farm income 
agricultural off-farm 
production income and 
(specialization) little incentive 
for agri-tourism 
Technology Use of energy No change No change Hydraulic -1% Fossil fuel usage Medium Low National Direct Variable cost, fuel 
(green) fracturing in increase/over price 
the Karoo extension of 
government 


services due to 
investment in 
nuclear power 


88 


1P 12 DIAIPIVA “O'A 
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Table A.6. Kenya: Drivers and trends for Green and Grey RAPs. 


Household Size 


Off-farm 
Income 

Crop Production 

Farm Size 


Maize Area 


Maize Yield 

Maize Price (no 
CC) 

Maize Price 
(with CC) 

Maize Cost 


Other Crops 
Area 


Other Crops 
Yield 


Trend 


0.8 


1.5 


1.4 


1.4, 0.84 


1.7 
1.51 


1.6 


1:51 


1.4, 0.84 


2.16 


Green RAP 


Description 


From discussions at 
RAPSs meeting. 
From discussions at 
RAPs meeting. 


From discussions at 
RAPs meeting. CV 
increases by 10% 
also. 

Increases in proportion 
to farm size. 
Low-milk strata 
allocates 40% of 
future area to napier 
grass leading to a 
0.84 trend for maize 
area. 


IFPRI IMPACT trend. 
IFPRI IMPACT trend. 


IFPRI IMPACT trend. 


Assumed same as 
maize price. 

Increases in proportion 
to farm size. 
Low-milk 

strata allocates 40% of 
future area to napier 
grass leading to a 
0.84 trend for maize 
area. 

IFPRI IMPACT 
aggregate trend.* 


Trend 


1.2 


1.8 


0.8-1.1 


1.44 
1.37 


1.57 


1.37 


1.95 


Grey RAP 


Description 


From discussions at 
RAPs meeting. 
From discussions at 
RAPs meeting. 


From discussions at 
RAPs meeting. CV 
increases by 20% 
also. 

Low-milk strata 
allocates 20% of 
area to napier grass 
leading to a 0.80 
trend for maize area. 
Other low potential 
farms do not change 
allocation 
(trend = 1). The 
high and medium 
potential zones 
increase maize area 
by 10%. 

IFPRI IMPACT trend. 

IFPRI IMPACT trend. 


IFPRI IMPACT trend. 


Assumed same as 
maize price. 


Changes in accordance 
to the maize area 
change for each 
strata. 


IFPRI IMPACT 
aggregate trend.* 
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Other Crops 
Price (no CC) 

Other Crops 
Price (with 
CC) 

Other Crops 
Cost 

Milk Production 

Herd Size 


Milk Yield 


Milk Price (no 
CC) 

Milk Price (with 
CC) 

Milk Cost 


1.35 


1.36, 1.5 


1.21 


1.23 
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Table A.6. (Continued) 


Green RAP 


Description 


IFPRI IMPACT 
aggregate trend.* 

IFPRI IMPACT 
aggregate trend.* 


Assumed same as 
other crops price. 


From discussions at 
RAPs meeting. CV 
increases by 25% 
also. 

Approximate relative 
yields from 
improved feeding in 
Shikuku et al. 
(2017). The lower 
value corresponds to 
the high and 
medium zones; the 
higher value 
corresponds to the 
low zones. 

IFPRI IMPACT trend. 


IFPRI IMPACT trend. 


1.65, 1.82 Changes with milk 


yield and milk price. 


Trend 


1.35 


1.73 


1:35 


1.36, 1.5 


1.12 


1.14 


Grey RAP 


Description 


IFPRI IMPACT 
aggregate trend.* 

IFPRI IMPACT 
aggregate trend.* 


Assumed same as 
other crops price. 


From discussions at 
RAPs meeting. CV 
increases by 35% 
also. 

Approximate relative 
yields from 
improved feeding in 
Shikuku et al. 
(2017). The lower 
value corresponds to 
the high and 
medium zones; the 
higher value 
corresponds to the 
low zones. 

IFPRI IMPACT trend. 


IFPRI IMPACT trend. 


1.52, 1.68 Changes with milk 


Table 5.4.2: Quantification of parameter changes under each RAP. 
Note: CV = coefficient of variation. 
*see Table 5.4.3 for aggregate trend calculations. 


yield and milk price. 
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Table A.7. India, Andhra Pradesh (South India): Trend table for Green RAP 


(“Swarna” Andhra Pradesh). 


RAP 4: Inclusive pathway towards 'Swarna' Andhra Pradesh 


Category 


Policy - 
Institutional 


Socio- 
Economic 


Variable 


Fertilizer subsidy 


Minimum Support 
Price(MSP) 

Micro irrigation subsidy 
coverage 


Agricultural land 
consolidation 


Access to formal credit 


Market 
infrastructure/Access to 
Value Chains 

Market 
intervention/openness of 
market 


Investment in rural 
infrastructure (including 
soil and water 
conservation) 


Land tenure security 


Access of irrigation water 


Crop Insurance coverage 


Electricity Subsidy 


Collective Action 


Corporate/Contract 
farming 


Market volatility 


Agricultural Labor 
supply 


Operating farm size 
(Operational holding size) 


Household size 


Literacy 


Wage rates 


Non-farm income 


Gender 
empowerment(access to 
and control over 
resources;decision- 
making;drudgery 
reduction, etc) 

Dietary diversification and 
Nutritional status of 
population 

Livestock holding(herd 
size) 


GDP(National) 


-7 


Category 


Technology 


Bio-Physical 


Variable RAP 2 RAP 4 


Crop Yields 


New 
Cultivars(improved) 


New Crop sequence 


Water use efficiency 


Crop 
tensification(croppin 


Nutrient use efficiency 


Labor productivity 


Yield losses due to 
pest and disease 


Post harvest losses 
Energy use efficiency 
Crop diversification 
Livestock yields 
Fertilizer use 
Fertilizer price 
Irrigation efficiency 


Mechanization 
Fisheries/Aquaculture 
production 

Forest Cover 


Soil health 


Groundwater level 


Surface water 
availability 


Livestock population 


Water Quality 


Pest and Disease 
(Number) 


as A 


as A 
SB! pi 


a ~ 
A — 
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Medium ze = a Medium has m 

to large 

increase ai decrease] deeras | crease 
Direction 
and — 
magnitud 
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Table A.8. India, Andhra Pradesh (South India): Trend table for Grey RAP (“Dead 
End” Andhra Pradesh (AP wheel around Perils)). 


RAP 5: Unsustainable pathway towards 'Dead End' Andhra 
Pradesh (AP wheel around Perils) 


Category Variable Category Variable RAP 2 RAPS 


Fertilizer subsidy — —_ Crop Yields — æ 
Minimum Support Price(MSP) set” pn New Cultivars(improved) A — 7 
Micro irrigation subsidy 
EE —_ =. New Crop sequence — 
Agricultural land consolidation > ae Water use efficiency > vy 
A formal cred oe 
RESULT -< —_ intensification(cropping — —_ 
intensity) 
Market infrastructure/Access Vv 
to Value Chains —_ —_ Nutrient use efficiency -> 
Market intervention/openness y _ 
of market Labor prod —_—? 
productivity — 
Policy- Investment in rural 
Institutional infrastructure (including soil —_ Yield losses due to pest and _ 
and water conservation) disease —_ 
Land tenure security —_ Technology = 
Post harvest losses — 
Access of irrigation water v Energy use efficiency > 
Crop Insurance coverage pes = 
Crop diversification —_—S 
Electricity Subsidy — 
Livestock yields -7 
Collective Action ad 7 
Fertilizer use 
7 
Corporate/Contract farming 
Fertilizer price — Pa 
Market volatili 
ty — cae Irrigation efficiency ųA> — 
Agricultural Lab l 
ericukural Labor supply a — T æ> — 
Operating farm size Fisheries/Aquaculture 
(Operational holding size) > => production A — 7 
Household size — A 
Forest Cover = — 
Literacy p- d 
Soil health ereh ~i 
Income inequality we 
Groundwater level — N” 
Local governance — — 
S Bio-Physical Surface water availability pea —_ 
Population —_ 
Livestock population A —_ 
Agriculture share inGDP —> _— 
Socio-Economic 
Water Quality — 
Wage rates —> -F 
eean an aa Pest and Disease (Number) y ae 
Non-farm income A — 
Gender empowerment(access 
to and control over 
resources;decision- Y 
making;drudgery 7 > 
reduction,etc) 
Dietary diversification and 
Nutritional status of —— 
opulation 
Livestock holding(herd size) A ~~, 
GDP(National) E A 
No Small Soat Medium | Medium Large Small farea Medium Median 
i Medium to large j medium to Large > Disappear 
change | increase h Increase increase decrease decrease increase 
increase increase decrease decrease 
Direction 
and — |] pa . Z Z — ~~” N X 
magnitude - 
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Nioro 
Table A.9. Senegal, Nioro: Trend table for Green and Grey RAPs. 
Category Variables Green RAP| Grey RAP 
Herd size i= et 
Livestock productivity Beas eee 
Bio-physical 
Soil degradation — a 
Water availability and accessibility aie TS 
Change in transportation infrastructure DE Ez 
Fertilizer subsidies = ow 
Institutional/ | Fertilizer prices => 
policy Fertilizer use meaa 
Organic fertilizer (manure) EA 
Community based organizations (CBOs) a 
Human capital ee 
Labor availability its 
a Labor demand eal 
economic | Labor wage ge 
Household size oe 
Farm size = 
Non-agricultural income Z 
Information and Communication technologies r 
Sa Use of improved varieties eG 
ees Access to energy ne 
Mechanization EN 
No [Small | Smallto Medium | Mediumto | Large [Small [Small to Medium | Mediumto [Large 
change | increase | medium increase | increase | large increase | increase | decrease | medium decrease | decrease | large decrease | decrease 
Direction and |__, | > » pei y N — > a N A 
magnitude 


Key Drivers and Their Quantification 


The socio-economic and policy drivers include fertilizer subsidy and prices, house- 
hold characteristics such as household size, farm size, off-farm income, and livestock 
indicators. Under Green RAP, the 20% fertilizer subsidy results in slightly lower fer- 
tilizer prices and greater use. Household size and farm size decrease respectively, by 
25% and 20% while non-agricultural income experiences an increase (20%). Live- 
stock productivity displays a 30% improvement when herd size decreases by 25%. 
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Table A.10. Senegal, Nioro: Selected drivers for Green RAP. 


Gaa U decrease 


Fertilizer use increase 


increase 


Household size decrease 


Off farm income increase 


Livestock 


increase 
productivity 


Small 


small to 
medium 


Small 
Moderate 
Small 
Medium 


small to 
medium 


Moderate 


20% 

maize: fertilizer use varies in three 
subsamples: Fert=0 [10 kgN/ha]; 
O<Fert<15 [30 kgN/ha]; Fert>15 [40 
kgN/ha]; Millet: fertilizer use from 0 to 15 
kgN/ha 

20% 

25% 

20% 

20% 


25% 


30% 


Table A.11. Senegal, Nioro: Selected drivers for Grey RAP. 


Fertilizer prices Decrease 


Fertilizer use Increase 


Household size Decrease 


Off farm income Increase 


Livestock 


Increase 


productivity 


herd size decreases by 30%. 


medium to 
large 


Large 


medium to 
large 
Medium 
Medium 
medium to 
large 
Medium 
medium to 
large 


60% 


maize: fertilizer use varies in three 
subsamples: Fert=0 [20 kgN/hal]; 
O<Ferts15 [30 kgN/ha]; Fert>15 [60 
kgN/ha]; millet: fertilizer use from 0 to 15 
kg/ha 


60% 


35% 
50% 


50% 
30% 


40% 


The socio-economic and policy drivers under Grey RAP display the same direc- 
tion of change for most of the variables as shown in Green RAP. However, the 
magnitude is quite different. For instance, fertilizer subsidy is large at 60% resulting 
in larger fertilizer use, in accordance with Grey RAP orientation. Likewise, house- 
hold size and farm size decrease by 35% and 50%, respectively, while off-farm 
income records a 50% increase. Livestock productivity is up slightly at 40% and 
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Navrongo 
Table A.12. Ghana, Navrongo: Selected drivers for the Green and Grey RAPs. 
Category Variables Green RAP| Grey RAP 

Herd size > eee 
Livestock productivity AT eae 

Bio-physical - 
Soil degradation — eee 
Water availability and accessibility a wee 
Information availability wee TA 
Fertilizer subsidies ae eee 

Institutional/ = - 

x Fertilizer prices = — 
Policy 
Fertilizer use ey. a 
Public sector investment in Agriculture Os ew 
Labor availability Pa > 
Labor demand eek =s 
Socio- z 
; Household size ~ ~ 
economic 

Farm size aS ee 
Off Farm income a DA 
Information and Communication technologies S T 
Use of improved varieties eee 

Technology we 
Access to energy eas Pa 
Mechanization e Ress 

No Small Small to Medium | Medium to Large Small Small to Medium | Medium to Large 
change | increase | medium increase | increase | large increase | increase | decrease | medium decrease | decrease | large decrease | decrease 
EA 
wee be ee eree eR OR RR 
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Table A.13. India, Indo-Gangetic Basin: Trend table for the BAU, Green and Grey RAPs. 


Direction and Magnitude 
Variable 


[Groundwatertevel |e | 
[input subsidies | | oo d o 
[Pricesuppot | | CT OT 
[Pestanddisease | | | 
SS S a E 
ae O 
[Householdsize || i 
[Non-farmineome | a 
[Improved variety(adoption) | | TT 


Legend: 


No Small Small to | Medium | Medium | Large Small Small to | Medium | Medium | Large 
change | increase | medium ] increase | to large | increase | decrease | medium | decrease | to large | decrease 
increase increase decrease decrease 


Direction & 
m | |e |e |] 7] | | SPS INN | 


Table A.14. India, Tamil Nadu (South India): Drivers for Green RAP. 


Direction of | Magnitude of Quantum of Rationale for 

Variable change change change change 

A. Bio-Physical variables 

Ground water table Increase Small 10% Construction of water harvesting structures 

Availability of surface water Increase Small 5% Expected Increase in rainfall 

Water quality Decrease Small 10% Pollution 

Water Use Efficiency Increase Small 30% More towards Drip irrigation 

Forest cover Increase Small 10% More social forestry and awareness among the 
community 

Soil health Increase Small 10% Integrated nutrient management 

Livestock population No change — — Demand for livestock products will increase but due to 
problem of maintenance the size will remain the 
same. 

Pest and disease problem Increase Medium 20% Minor pest will become major and would create 
problem 

Weed dominance Increase Medium 15% Change in temperature and precipitation would favor 
weed sp. 

B. Technology variables 

Improved crop varieties Increase High 40% More cultivars will be developed for biotic and abiotic 
stresses 

Crop productivity Increase High 40% More adoption of improved technologies and high 
yielding cultivars 

Alternative crops Increase Low 10% Non-conventional crops will be promoted Eg: 
Nutri-cereals 

Cropping intensity Increase Medium 20% Farmers will accommodate short duration cultivars to 
increase the cropping intensity 

Nutrient Use Efficiency Increase High 40% Nutrients will be given through fertigation in multiple 
topdressing 

Post Harvest Losses Decrease Medium 30% Value added products will be developed. 

More storage facilities will be created 
Energy Use Efficiency Increase Medium 30% Non-conventional energy sources like wind energy 


and solar energy will be tapped to a maximum 


Agreement 


High 
Medium 
Medium 

High 

High 
Medium 
Medium 

High 


Medium 


Medium 
Medium 
High 
Medium 


High 


Confidence 


High 
Medium 
High 
High 
High 
Low 
Low 


High 


Medium 


Medium 
High 
High 

Medium 


Medium 
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Variable 


Farm mechanization 


Information and 
communication technology 

C. Socio economic variables 

Size of farm holding 

Off-farm income 

Income inequality 

Wage rate for the labors 

Literacy level 

Dietary changes 


D. Policy related variables 
Fertilizer subsidy 


Fertilizer price 

Subsidy to Organic manure 

Support to Farmer producer 
organizations 

Minimum support price 

Subsidy for micro irrigation 

Access to Credit facilities 

Access to value chains 

Market infrastructure 

Crop insurance coverage 

Electricity subsidy 


Direction of 
change 


Increase 


Increase 


Decrease 
Increase 
Increase 
Increase 
Increase 
Increase 


Decrease 


Increase 
Increase 
Increase 


Increase 
Increase 
Increase 
Increase 
Increase 
Increase 
Decrease 


Magnitude of 
change 


Medium 


High 


Medium 
Medium 
High 
High 
High 
Medium 


Medium 


Medium 
Medium 
High 


Medium 
High 
High 
High 

Medium 
High 

Medium 


Table A.14. 


Quantum of 
change 


25% 


50% 


50% 
20% 
30% 
40% 
40% 
20% 


20% 


30% 
20% 
25% 


20% 
25% 
20% 
15% 
10% 
40% 
30% 


(Continued) 


Rationale for 
change 


Labor available for crop production will get declined. 
More custom hiring centres will be created to 
increase the timely availability of machineries at 
reasonable rental values 

Mobile phone and satellite communication technology 
will increase the reach of unreached 


Fragmentation of holding 

More avenues for farm associated activities 
High input cost, High wage rate 

Low labor available for agriculture 

More awareness on the importance of education 
More calorific food 


Government would promote integrated nutrient 
management 

Subsidy will be withdrawn 

To promote organic farming 

To stabilize the farmers income and to improve the 
livelihood of the farming community 

To encourage the farmers in growing the crops 

To enhance the area under irrigation 

More awareness will be created 

To increase the income of the farmers 

To reduce the post harvest losses 

More frequent occurrence of extreme weather events 

More demand for electricity 


Agreement 


High 


Medium 
High 
Medium 
Medium 
Medium 
High 
High 


Confidence 


High 
Medium 


Medium 


High 
Medium 
Low 


Medium 
High 
Medium 
Medium 
Medium 
High 
High 
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Table A.15. India, Tamil Nadu (South India): Drivers for Grey RAP. 


Variable Direction of | Magnitude of Quantum of Rationale for 

A. Bio-Physical variables change change change change 

Ground water table Decrease Medium 20% Over exploitation of ground water 

Availability of surface water Decrease Small 10% Interstate conflict will decrease the water flow in the 
rivers 

Water quality Decrease Small 10% Pollution 

Water Use Efficiency Decrease Medium 20% Enhanced evapotranspiration 

Forest cover No change — — Major initiatives to increase the forest cover will not 
be carried out 

Soil health Decrease Medium 20% Mostly chemical fertilizers will be used in the future 

Livestock population Decrease Medium 20% Low feed availability 

Pest and disease problem Increase High 30% Minor pest will become major and would create 
problem. 


Pests will develop resistance against the prevailing 
pesticide molecules 


Weed dominance Increase Medium 20% Change in temperature and precipitation would favor 
weed sp. 

B. Technology variables 

Improved crop varieties Increase Medium 20% More cultivars will be developed for biotic and abiotic 
stresses 

Crop productivity Increase High 40% More adoption of improved technologies and high 
yielding cultivars 

Alternative crops Increase Low 5% Non-conventional crops will be promoted Eg: 
Nutri-cereals 

Cropping intensity Increase Low 10% Farmers will accommodate short duration cultivars to 
increase the cropping intensity 

Nutrient Use Efficiency Decrease High 30% Over use of Chemical fertilizers 

Post Harvest Losses Increase High 50% More extreme weather events 

Energy Use Efficiency Decrease Medium 30% Energy from fossil fuel source 


Agreement 


High 
High 
Medium 
High 
High 
Medium 


Medium 
High 


Medium 


High 
High 
Medium 
Medium 
High 


Medium 
High 


Confidence 


High 
High 
High 
High 
High 
High 


Low 
High 


Medium 


High 
High 
Medium 
High 
High 


Medium 
High 
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Variable 


Farm mechanization 


Information and 
communication technology 

C. Socio economic variables 

Size of farm holding 

Off-farm income 

Income inequality 

Wage rate for the labors 

Literacy level 

Dietary changes 


D. Policy related variables 
Fertilizer subsidy 


Fertilizer price 
Subsidy to Organic manure 


Support to Farmer producer 
organizations 

Minimum support price 

Subsidy for micro irrigation 

Access to Credit facilities 

Access to value chains 

Market infrastructure 

Crop insurance coverage 

Electricity subsidy 


Direction of 
change 


Increase 


Increase 


Decrease 
Increase 
Increase 
Increase 
Increase 
Increase 


Decrease 


Increase 
decrease 


Increase 


Increase 
Increase 
Increase 
Increase 
Increase 
Increase 
Decrease 


Magnitude of 
change 


Medium 


High 


Medium 
Medium 
High 
High 
High 
Medium 


High 


High 
Medium 


Low 


Medium 
Low 
High 
High 

Medium 
High 
High 


Table A.15. 


Quantum of 
change 


25% 


50% 


50% 
20% 
40% 
40% 
40% 
40% 


40% 


40% 
20% 


5% 


20% 
5% 
20% 
15% 
10% 
40% 
50% 


(Continued) 


Rationale for 


change 


Labor available for crop production will get declined. 
More custom hiring centres will be created to 
increase the timely availability of machineries at 


reasonable rental values 


Mobile phone and satellite communication technology 
will increase the reach of unreached 


Fragmentation of holding 


More avenues for farm associated activities 
High input cost, High wage rate 

Low labor available for agriculture 

More awareness on the importance of education 
More nonvegetarian food consumption 


Government would promote integrated nutrient 


management 
Subsidy will be withdrawn 


Only chemical farming — no concern about the 


environment 


To stabilize the farmers income and to improve the 
livelihood of the farming community 

To encourage the farmers in growing the crops 

To enhance the area under irrigation 


More awareness will be created 


To increase the income of the farmers 
To reduce the post harvest losses 
More frequent occurrence of extreme weather events 


More demand for electricity 


Agreement 


High 


High 


High 
Medium 
Medium 

High 

High 
Medium 


High 


High 
High 


Medium 


Medium 
High 
Medium 
Medium 
Medium 
High 
High 


Confidence 


High 


High 


High 
Medium 
Medium 
High 
High 
Medium 


Medium 


High 
Medium 


Low 


Medium 
High 
Medium 
Medium 
Medium 
High 
High 
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Representative Agricultural Pathways 101 


Table A.16. Zimbabwe, Nioro: Drivers and storylines for 3 Representative Agricultural Pathways. 


Business-as-usual (RAP 2) Sustainability (RAP4) Fast-economic Growth (RAP5) 
Cultivated land — > | Intensified crop and fodder .* | Full use of on-farm uncultivated land and „7 | Expansion of land for those with 
production on less land “ expansion of land, following labor saving “ more resources, the poor remain 
technologies and improved access to with very small plots 
markets 
Legume — | Small expansion of the Pa Massive expansion, supporting | ~~ | Focus on maize as cash crop, along 
cultivation cultivated area with legumes integrated soil fertility management, with with inorganic fertilizer to 
access to high yielding varieties and maintain production levels 
mechanized processing 
Herd size > | Small increases in herd sizes "| Larger herd sizes through greater on-farm a Larger herd sizes relying on 
through improved feed “ quality feed biomass production and cal commercial stockfeed and 
management and animal following market incentives; the poorest following market incentives; the 
husbandry also increase livestock production poorest remain without substantial 


livestock assets 


Input use — | Small increases in use of F Increased use of fertilizer and improved 7 Massive increases in the use of 
fertilizer and improved seed £ seed for all crops; better feed from crop fertilizer and improved seed for all 
primarily for maize residues and feed concentrates crops, feed concentrates 

Family size —> | Small reduction in farm labor | —>» | Small reduction in farm labor as off-farm | * More  off-farm opportunities 
as off-farm income options are income options are limited reduce family sizes 
limited 

Off-farm income | —~* | Limited growth in other sectors „=y | Slow growth in other sectors attract ~ | Opportunities in agri-business 
attract people, people rely on © people, income diversification = adsorb particularly the very poor as 
agriculture farm labor 

Nutrition — | Limited improvement to Pi Strong emphasis on health, better access ~ | Greater food availability through 
nutritious food supply to diverse food through farm i increased production 

diversification 

Women —~ | Natural process as men work 7 Strong emphasis on gender equity in|“... Ignorance of social and health 


empowerment off-farm production and marketing, with a link to development 


farm diversification and nutrition 


Note: Moz Medium increase; — = small increase; ™ = medium decrease; = small decrease; = no change. 
a” 


= Medium-to-large increase; 


= small-to-medium increase; “* = medium-to-large decrease. 


Table A.17. Exogenous productivity and producer price trends (1 = no change), projected for agri- 
cultural outputs mid-century under 3 RAPs at national level, under high and low price assumptions, 
without and with climate change, used to quantifity model parameters (source: IMPACT). 


Business-as-usual (RAP-2) Sustainability (RAP4) Fast-economic growth (RAPS) 
Produc- High price Low price Produc- High price Low price Produc- High price Low price 
tivity tivity tivit; 
No With | No With No With | No With No With No | With 
cc cc cc_ {cc ce | ec cc cc cc | cc cc [cc 
Maize 14 1 1.1 1 11 2.1 1.5 1.6 1 1.1 17 1.4 1.6 1 1i 
Sorghum 1.35 1 LL 1 11 2.4 1.4 1.6 1 1.2 2 1.5 1.8 1 1.2 
Groundnut 1.35 1 1. 1 1.1 1.7 1.7 18 1 1.1 1.5 17 1.8 1 1.1 
Beef 1.3 1 1.15 1 1.15 2.1 1.4 1.4 1 1.1 17 1.2 12 1 L1 
Goat meat 1.25 1 1. 1 1.1 1.6 1.4 1.5 1 1.1 1.3 1.2 1.5 1 1.1 
Milk 1.1 1.05 1.2 1.2 1.2 1 1.1 1.1 1.2 1.1 1 1.1 
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Introduction 


A key objective of Phase II of the Agricultural Model Intercomparison and Improve- 
ment Project (AgMIP) Regional Integrated Assessment (RIA) in Sub Saharan Africa 
and South Asia was to enhance the uptake of knowledge generated in the project 
by stakeholders for policy development and policy implementation. This includes 
model simulation results till 2050 on climate, crops, and economics; metadata on 
the study areas used by every regional team; the so-called representative agricul- 
tural pathways (RAPs); and adaptation packages. RAPs are economic and social 
development narratives that include agricultural technology trends, prices, and costs 
of production trends, and agriculture and conservation policy. Adaptation packages 
describe cultivar, management, and agricultural sector policies specifically designed 
to increase production and resilience as climate changes. 

During Phase II, the stakeholder unit, a dedicated team of researchers and experts, 
organized extensive stakeholder engagement activities to ensure that the scientific 
outputs from the regional research teams (RRTs) were well positioned for untake hy 
a wide range of next users and end users (https://agmip.org/stakeholder processes/). 
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Stakeholder needs were continuously discussed so teams were able to respond and 
modify AgMIP research outputs. By involving stakeholders in an on-going process 
and knowledge exchange, teams move beyond informing/consulting to building 
partnerships and empowering user groups (Furman ef al., 2018). 

One of the instruments developed for dissemination of the project outcomes, and 
to support impact of the research outcomes, is a web-based tool, the AgMIP Impacts 
Explorer. The objective of the tool is to assist policy makers, planners, and other 
interested professionals in their exploration of data and results to inform decisions 
and to help researchers in presenting their findings for experts in other professions. 
An online tool has many advantages, such as its availability for anyone with internet 
access, and visualization and interaction functionalities to help understand complex 
information, such as the modeling outcomes of this project. Interactive visualizations 
have much potential for engaging users with and without a scientific background 
(MclInerny et al., 2014). 

An implicit but essential requirement for any knowledge brokering tool is that 
the interface supports the important quality criteria for the tool content, namely 
credibility, salience, and legitimacy (Cash et al., 2002; McNie, 2007; and Van Voorn 
et al., 2016). Credibility concerns the scientific logic of the underlying models and 
the soundness of the used knowledge; salience concerns the societal and political rel- 
evance in understanding and solving the policy issue at hand; and legitimacy relates 
to the fair representation of the views, values, and concerns of involved stakeholders 
in the model used in the assessment. To meet the criteria of salience and legitimacy, 
user involvement in the development of a tool is essential. Credibility is supported 
by a design that allows users to understand and explore the research outputs and 
provides the required background knowledge and sources. 

However, at the start of the project, the design ideas for the tool were merely 
loosely defined. During the design and development process, different ideas were 
discussed about the functionality and the way the tool could be used by different 
user groups in adaptation planning. Important design principles were that the inter- 
face and data presentation should be engaging and easy to use for different user 
groups. 

A best practice in application development is to start with a thorough under- 
standing of the intended users, their information needs, and the information that the 
application can offer. This is supported by a user-centered design (UCD) and devel- 
opment process, using proven methods for context analysis, requirements analysis, 
(cyclical) design, development, and testing. To conduct such a process successfully, 
however, the development team must have knowledge and full understanding of the 
content to be communicated and made accessible in the application, and the project 
must support a manageable design process, allowing continuous contact with users 
to test the usefulness and usability of the design. 
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When tools are developed in research projects like the AgMIP RIA project, 
several challenges emerge. In the first place, the outcomes of the research project 
and, therefore, the content of the tool to be developed are not specifically known, 
which complicates the design process. This chapter focuses mainly on the successful 
development of the AgMIP Impacts Explorer interface during active RIA research, 
even with common issues as follows. 


1. Intended target user groups are generally not well defined. Even if the ulti- 
mate aim of a project is to solve specific real-world issues, the direct project 
focus is often on improving the research methodology or the applied scientific 
models. Research projects are constrained by planning and strategy, e.g., by 
the time frame and available input data, and are often not intended to produce 
direct answers to current, real-world questions. Often, researchers expect other 
researchers to be a target user group and are not intimately familiar with the 
demands of policy planning, policy making, decision-making, and expectations 
of different stakeholders, different users with different backgrounds, knowledge, 
and culture. 

la. Moreover, researchers are often eager to share all their findings with the world, 
not considering how overwhelming and confusing this may be. In research 
projects, reducing output in an application or tool to match user questions is 
considered undesirable because this would exclude other user groups and pre- 
vent exploration for unforeseen goals. It is often assumed that in the tool, a 
broad user group will be able to find some information that is of interest to 
them. However, a tool that offers heterogeneous data requires user effort which 
is negatively correlated with the user satisfaction, and thus with the expected 
use and usefulness of the tool. Other factors determining the design and design 
process regarding target user groups may be the expectations or demands of the 
funder/commissioner, which often require adjustment during the project. 

2. The activities required for UCD of a tool are often inadequately scoped in 
research projects. UCD demands resources, time budget, and the commitment 
of project members from the start of the project. 

3. Project members are not very accessible for meetings; in this case, they were 
distributed across Africa, Asia, USA, and Europe. Face-to-face communication 
was generally limited to yearly workshops. Much communication was con- 
ducted online, which is ineffective for convincing project members to adopt new 
strategies or invest time in procedures not directly related to their own “project 
output”. 


We describe the process adopted in the AgMIP RIA project to design and develop 
the Impacts Explorer interface, aiming to balance the needs of the funder, users, 
and researchers. We explain the challenges encountered during the process, the 
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resulting tool, and the evaluation results. In the conclusions and recommendations 
section, we sum up the main lessons learnt that are applicable in similar projects. 
As noted by several researchers (e.g., Barnard, 2014; Swart et al., 2017), an increas- 
ing amount and diversity of climate and climate impact data are becoming available 
and many tools and portals are developed to assist decision-making by individuals 
or organizations in climate change issues. Most of these tools are supply-driven and 
do not fully meet the users’ information demands. There is a definite need for a 
more systematic evaluation of the effectiveness of tools and portals that will result 
in design guidelines for knowledge brokering tools, which play the roles of filter, 
interface, and translator between knowledge producers and users. 


Background — User-Centered Design in the Impacts Explorer 
Design Process 


The UCD process outlines the phases throughout a design and development life 
cycle, while focusing on gaining a deep understanding of who will be using the 
product (http://www. usability.gov/what-and-why/user-centered-design.html). The 
design of an application is based on the explicit understanding of users, their tasks, 
and their environments; is driven and refined by a user-centered evaluation; and 
addresses the whole user experience. The process is iterative and involves users 
throughout the design and development cycle. It starts with specifying the context 
of use, so identifying the people who will use the product, what they will use it for, 
and under what conditions they will use it. Second, requirements are specified, after 
which design solutions are created to answer these requirements. The designs are 
evaluated with users (Benyon, 2014). 

The AgMIP Impacts Explorer design process ran in parallel with the modeling 
conducted in the regional studies of the AgMIP RIA project. To enhance the credibil- 
ity, salience, and legitimacy of the main results, and make them useful and applicable 
for planning purposes, they were refined and enriched in an iterative process with 
local stakeholders. The resulting descriptions, or key messages, explain the expected 
effects of future changes in temperature and precipitation on crops and livestock, 
economic factors like smallholder farmer income, and possible successful adapta- 
tion strategies. The key messages are presented in the AgMIP Impacts Explorer 
with relevant background information, and explanation of scientific issues, such as 
uncertainty in modeling. 

For the AgMIP Impacts Explorer, we distinguished stakeholders and actual users 
(also called end users). Stakeholders are seen as a broad group of individuals and 
organizations that have an interest in the project research and its outcomes. They 
were involved in the project through a range of stakeholder engagement processes, 
for example, to refine the key messages based on the modeling results of the RRTs 
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Fig. 1. Steps in the design process of the Impacts Explorer. Testing outcomes were used to adjust 
requirements and design. 


and to advance the uptake of the results in agricultural adaptation. We defined 
users as those individuals who will actually use the tool, or in the words of one 
of our stakeholders, “the persons holding the mouse”. For application development, 
this distinction is important because the interface must support the users of the 
tool in their activities (for instance, searching information, comparing results), and 
designers must also take into account their computer experience and the context of 
use such as the quality of the internet connection. It was however difficult to explain 
the difference to stakeholders and researchers outside the development team during 
the requirements analysis process, and the distinction was not maintained entirely 
in the process. 
The development process took the following steps (see Fig. 1): 


. Stakeholder mapping and prioritization. 

. User identification. 

. People, activities, context, technologies (PACT) analysis. 
. Persona—scenario construction. 

. Requirements determination. 

. Design. 

. Testing and evaluation. 


NWN fF WN 


These steps were not conducted in a purely sequential order. In the majority 
of design processes, requirements change because of the evolving understanding. 
Testing of prototypes leads to adjustments in the design and therefore requires iter- 
ation of design and evaluation until the application meets the demands. Moreover, 
the geographic distribution of the stakeholders across seven regions in Sub-Saharan 
Africa (SSA) and South Asia (SA) and the limited opportunities for contact (which 
is essential for user-centered design) slowed down the requirements analysis pro- 
cess, whereas implementation (software development) of some components could 
not be postponed until the very last project phase. However, in the summary of the 
process given below, the steps are separated. 
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During the AgMIP RIA project, communication between the research teams 
was supported by one-week workshops in 2014, 2015, and 2016. During these 
workshops, meetings were held with the research teams and stakeholders to define 
stakeholder and user groups and establish their information needs. Stakeholders 
were interviewed individually, or they participated in small-scale sessions led by 
the Stakeholder Unit and Impacts Explorer development team. Afterwards, follow- 
up contact was maintained mostly through mail. In 2016 and 2017, we participated 
in stakeholder engagement workshops in India and South Africa to further refine 
the requirements and designs. 

Although the meetings produced important output and feedback on the designs, 
the physical distance between the research teams and their stakeholders, and the 
limited opportunities to meet face-to-face, negatively affected the engagement of the 
target users with the development process. Online communication was complicated 
by bandwidth problems and time differences between the regions involved. In 2016, 
a stakeholder and user panel was created for feedback on AgMIP Impacts Explorer 
prototypes and evaluation, mainly by responding to online surveys. 


Stakeholder mapping and prioritization 


Stakeholders were involved in the AgMIP RIA project from a very early stage. 
The researchers in the African and Asian regional teams maintain extensive net- 
works of practitioners in their countries and have a good understanding of the local 
policy processes. To identify all groups of stakeholders with high interest in the 
results and the AgMIP Impacts Explorer, we mainly used research teams’ knowl- 
edge of their stakeholders and literature in the field on similar projects. In workshop 
sessions, we identified important stakeholders and mapped them on the so-called 
Influence-Interest matrix (Bourne and Weaver, 2010). This allowed us to focus on 
the stakeholder-oriented activities for the application and to proceed towards user 
identification. 


User identification 


In the workshops and in several online sessions, stakeholders and project researchers 
were invited to identify typical users for the Impacts Explorer. The information needs 
of the specified users were also determined. The most important users for the Impacts 
Explorer are the so-called technocrats: professionals with a relevant academic back- 
ground and working for the government, either (1) focused on preparing policy plans 
or (2) advising farmers (organizations). 

The discussions led to secondary user types (these are expected, but not tar- 
get users): development workers, practitioners at an NGO, having a relevant aca- 
demic background; commercial farmers; and professionals with expertise in farmers’ 
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organization/association. Other users mentioned were agricultural officers at a finan- 
cial institution (bank or insurance company); consultants working at climate change 
boards; and researchers. An important overall conclusion was that realistically, the 
average farmer would not be using the tool. 


PACT analysis 


PACT is a framework for discussing and scoping the design situation (Benyon, 2010). 
It concerns the People who will use or be affected by the application; the Activities 
that the system will support (related to functionality); the Context that the system 
will be used in (and how this will affect the design); and the Technologies that can 
be used and are available to support the activities. A PACT analysis was conducted 
with seven stakeholder participating in a workshop in Zimbabwe, so as to evaluate 
the physical, organizational, and cultural context that would affect the user demands 
and the use of the tool. In the workshop, the Zimbabwe stakeholders considered the 
type of activities for which the users would likely turn to an instrument like the 
AgMIP Impacts Explorer. They determined the following two main categories: 


e Focusing on policy: collect information on adaptation strategies and options, in 
the context of preparing policy plans and vulnerability assessments. For instance, 
describe current situation, determine risks, compare options. 

e Focusing on advising farmers: collect relevant information on options and cur- 
rent climate trends for raising awareness and pathways for change; the objective 
is presentation to other audiences. 


In addition, stakeholders mentioned other types of information that would be 
important, such as evidence from the real world, and not only lab simulations, 
impacts of adaptation measures on the environment, and short-term predictions. 

At this point, some gaps were identified between the information needs expressed 
by the stakeholders and the AgMIP research outputs. This is common in research 
projects and cannot be resolved easily; however, it is important to manage user 
expectations regarding the tool before the launch of the final product. 

The main observations regarding the decision-making context are given as 
follows: 


1. The developments of commercialization of farming, and increased concern of a 
changing climate through some extreme events, lead to a strong network of the 
different stakeholders, and an interest in receiving information on the impacts 
of climate change. 

2. There is an intricate network of stakeholders which develops over time. Each 
stakeholder group is in itself highly heterogeneous, but there is usually a tech- 
nical layer providing advice and support in some form. 
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3. Trust and quality of the information are important criteria for the use of infor- 
mation. 
4. The importance of specific stakeholder groups varies in different regions. 


Regarding the technological context, the stakeholders remarked that for 
Zimbabwe, the Internet in the cities is reliable and reasonably fast, but power cuts 
are a problem. Outside the main cities, Internet access is less reliable and farmers 
generally rely on their cell phones. 

This workshop could not be repeated with stakeholders from other countries, but 
in interviews and surveys, questions were included to understand these issues in the 
other relevant regions. 


Persona-scenario construction 


Personas are widely used in application design (Pruitt and Grudin, 2003). Personas 
help to guide design decisions and support communication in the development pro- 
cess. They are fictional characters that are representative of typical, desired user 
groups. The description includes their function, education, computer skills, domain 
knowledge, goals, and daily work tasks. When a number of personas (primary users) 
are established, scenarios are created that describe how the persona will use the appli- 
cation to attain a certain goal. This goal may be for instance to prepare an advice 
for a farmers’ organization on adaptation measures or to find answers to specific 
questions for a policy brief. The scenario includes a description of the actions of a 
user, the response of the application, and the results, as well as the context, such as 
location, time, and the collaboration with other people. Scenarios help to imagine 
how the application will be used, and how contextual factors may influence this use. 
The construction of personas and scenarios for the AgMIP Impacts Explorer started 
in 2014 and was based on interviews with stakeholders. They were refined during the 
development process and used to test and evaluate the application. Figure 2 shows 
an example persona created for the AgMIP Impacts Explorer. 
Based on the results from steps 1—3 (stakeholder mapping and prioritization — 
PACT analysis — user identification), two primary personas were defined. The 
first is a policy officer at the national level, involved in preparing policy plans for 
agricultural adaptation. The persona was constructed mostly with input from stake- 
holders from African countries. The second is a principal agronomist at a national 
ministry of agriculture, advising agricultural extension personnel on many aspects 
of agricultural production. This persona often works at provincial offices. Their 
main activities with the AgMIP Impacts Explorer would be collecting information 
on adaptation strategies and options in the context of preparing policy plans and 
searching for relevant information to determine future risks and compare adaptation 
options. The scenarios created for this second persona provide a detailed description 
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Age 


Place of 
residence 


Profession 


Training 


Work 
location 


Computer 
skills 


payme we wont 


AQ¥MIP Impacts Explorer 


Results 
Zimbabwe 


Elijah Davison 
50 


Bulawayo, Zimbabwe 


Principal Agronomist, Ministry 
of Agriculture, Mechanisation 
and Irrigation Development 


Agricultural scientist 


Provincial offices 


Proficient in Excel, Word and 
Powerpoint 


Persona 1: Elijah Davison 
principal agronomist at Ministry of Agriculture 


Description of work 


In Zimbabwe, prolonged periods of drought caused by 
climate change impact negatively on agricultural 
production. The challenge is to contribute to improved 
production, productivity and product quality at farm level 
especially amongst small holder farmers, through 
promotion of climate smart agricultural production 
technologies. 


Davison advises 500 Agricultural Extension personnel on 
many aspects of agricultural production, e.g. crop variety 
selection, soil fertility management, interpretation of 
seasonal forecasts, integrated production and pest 
Management, and crop agronomy. The Agricultural 
Extension staff then interface with approximately 120 000 
farming households in the province. 


In addition Davison inputs into the regional research 

agenda. 

He often: 

. collects information on adaptation strategies and options, in the 
context of preparing policy plans 

> searches for relevant information to determine future risks and 
compare options. 


Persona 1: Elijah Davison 
principal agronomist at Ministry of Agriculture 


Home Page 


~ 


Ag¥MIP Impacts Explorer 


Interactive 
“ll il i i 


Scenario 


Davison is required to come up with evidence based appropriate 
and sustainable production strategies for farmers in Agro- 
ecological regions III, IV and V to input into the national plan to 
revise the Farming Systems recommendations. 


At several occasions he has heard about the AgMIP Impacts 
Explorer and he decides to now explore the site for useful 
information. From the information on the home page, he 
Congudes that the project goals and the regional study for 


yields and tevemaES trom crop production, if crop diversification 
and market links are encouraged.” The text is accompanied by a 
bar chart. 


Davison wants to explore this further and is ee in the 
Evence Supporting this scenario. Haw he 


availa fe. Davison also notices he can explore results for other 
regions with the tool. He decides to bookmark the page and 
share the link with his staff. 


Fig. 2. Example persona and scenario. 
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of work on specific issues, the steps they take to collect the required information, 
also using other online sources, how they expect the information to be presented, and 
how they integrate the information for a report. Both these primary personas have 
expert knowledge of some aspects of agricultural adaptation, but not of all domains. 
Secondary personas are often constructed to represent less important users; in this 
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case, a secondary persona may for instance represent a user with an interest in prac- 
tical implications of climate change and adaptation, and a general, so not expert, 
knowledge of research in this domain. 


Requirements determination 


All user-centered activities, especially the PACT analysis and the persona scenarios, 
led to requirements for the AgMIP Impacts Explorer. The scenarios revealed what 
functionality the personas need to achieve their goals, how they expected to use the 
tool, and what they expected regarding the content, both the information itself and the 
presentation. From these descriptions, the design team derived user requirements and 
to some extent technical and data requirements for the application. The requirements 
were prioritized and formed the basis for the design solution. 

During these steps, we noticed that the stakeholders found it difficult to create 
a mental model of the tool to be developed. To facilitate the discussion and pre- 
vent miscommunication, we presented prototypes of the AgMIP Impacts Explorer 
starting with a very rough outline and gradually showing content contributed by the 
RRTs and the main functionality of the tool. 


Iterative design process 


With the information about the target persona identified, an interface for the online 
tool was developed as a wire frame. These wire frames investigated different methods 
of graphically displaying the results from the integrated assessments carried out by 
the RRTs. The first iteration of the design was conceived as two levels consisting of 
an interactive data explorer and explanatory text pages. However, the data from the 
RRTs were very complex and the interactive display, although good for a deep dive 
into the results, was confusing for a lay user. The other element that was missing 
from the tool was a map to give the user a spatial awareness of the results and to 
add information layers about the regions. 

A third level (the dashboard) with a map for exploration and graphic representa- 
tions of the data was added. This third level went through many design iterations of 
the graphs and dials representing the results. A science communications expert, in 
consultation with a regional economist, a climate expert, and the project manager, 
designed the data visualizations to more accurately represent uncertainty, trends, 
and comparisons of results. The goal of the new level two section was to allow a 
user to quickly absorb some of the most important takeaways from the research. The 
tabs in the section, overview, impacts, vulnerability, and adaptation were eventually 
added to walk the user through the results in a logical journey. 
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The level one section, that includes background information about each regional 
team and an overview of results, also went through many design iterations. The final 
solution was chosen for clarity, simplicity, and scalability to mobile devices. 

The icons, bar graph design, and color scheme used throughout the IE web- 
site are unifying elements that bridge the different levels. These elements were 
designed by the science communications expert, with input from the project team, 
in order to accurately convey the results of the study. Through many rounds of iter- 
ations, the design of the bars was honed to better represent the uncertainty in the 
results. 


The Impacts Explorer Interface 


The conceptual design of the Impacts Explorer interface was based on three princi- 
ples given as follows: 


e It supports users with different levels of knowledge and information needs in 
exploring the results. 

e It uses visualizations when appropriate to help in understanding the research 
results. 

e It allows extensions of the tool both in content (additional studies) and 
functionality. 


To meet the needs of different user groups, who have different information 
needs and levels of knowledge, three complementary and integrated components 
or “layers” were designed, shown in Figs. 3-8 (Houtkamp et al., 2016). 

The first component presents a summary of the regional studies, accessible to 
a broad audience (Figs. 4 and 5). It contains a descriptive overview of the main 
messages of the regional studies and relevant background information on for instance 
the climate change projections and impacts and food security vulnerability. These 
pages direct users with an interest in key indicators or underlying data to the other 
components. 

The second component is an interactive dashboard that displays results in indi- 
cators such as climate change impacts on yields, on net farm income, and the impact 
of adaptation on net farm income (Figs. 6 and 7). The dashboard allows users to gain 
an overview of main outcomes of the regional studies and to compare these across 
regions and systems. The dashboard is displayed in combination with an interactive 
map, on which overlay maps can be displayed with meteorological information and 
socio-economic data. The pages link to the summary pages and to the underlying 
data in the interactive data explorer. 
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Ag y MIP Impacts Explorer 


REGIONS ~ DASHBOARD DATA EXPLORATION ~ METHODOLOGY ¥ SEARCH 


Explore farming systems vulnerability and adaptation in a changing world 


~ Tanzania. 


REGIONAL SUMMARY SPATIAL DASHBOARD DATA EXPLORER 
- 
ë 4 . 
is a? g 
: i 
How will climate change, socioeconomic Explore impacts, vulnerability and Access, filter, and create custom figures 
development, and adaptations shape the adaptation of farming systems with maps from regional integrated assessment 
future of regional agriculture? and infographics of key findings. outputs. 
Start here for main messages and impacts Compare major results across regions and Provides more detailed exploration for 
discussions. systems. expert users. 


READ MORE VISUALIZE RESULTS EXPLORE DATA 


What is AgMIP? 


The Agricultural Model intercomparison and Improvement Project 
(AgMIP) is an international collaborative effort to improve agricultural 
modelling and to understand climate impacts on the agricultural sector 
at global, national, and regional scales. More information on AgMIP 


Fig. 3. Landing page of the AgMIP Impacts Explorer presenting the three tool components: Regional 
summaries, Spatial Dashboard, and Data Exploration Tool. 


With the final component, the Data Exploration Tool, users with knowledge of 
agricultural systems and research interest can explore and compare model outputs 
across regions, crops, models, climate scenarios, adaptations, and socio-economic 
developmental pathways (Fig. 8). The tool presents the results of the selections and 
filters applied in a chart and the underlying data in a table. 


Testing and Evaluation of the Impacts Explorer 


Phases in evaluation and testing 


During the design and development process of the Impacts Explorer, evaluations 
and tests were conducted to assess the usability and usefulness of the prototypes of 
the tool and to determine possible improvements. Not all potential problems could 
be identified in early stages because most data and other content were not available 
until the final project phase. 

Stakeholders participating in AgMIP workshops and meetings in Zimbabwe, 
South Africa, and India, organized by the stakeholder liaisons and other members 
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HOME DASHBOARD DATA EXPLORATION ~ METHODOLOGY + SEARCH 


REGIONAL FARMING SYSTEMS 


Studies of Impact AgMIP interdisciplinary teams in Sub-Saharan Africa and South Asia have completed studies on 
complex farming systems at the locations listed below. For each location researchers evaluated 

and Adaptation projected climate change impacts and measured the vulnerability of the regional farming systems to 
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Fig. 4. Index of the regional case study summaries. 


of the stakeholder unit, were consulted through interviews and focus group meetings. 
User tests were conducted for testing specific interface and visualization elements, 
like the menu structure, uncertainty visualization in graphs, and the representation of 
boxplots. During the development phase, new ideas were introduced into the design, 
such as the Spatial Dashboard. These were designed in response to user suggestions, 
and sometimes inspired by other tools that became available online. 

In 2016, we invited experts in the field of agricultural policy development and 
policy implementation, communication, education/instruction, and research to par- 
ticipate in a stakeholder and user panel for providing feedback on the tool. Online 
surveys were sent to the panel members in 2016 and in 2018. The responses in 
2016 were positive about the intention and potential of the tool but raised questions 
on the usefulness of the data for planning and decision-making regarding the time 
frame and limited number of regions covered. They emphasized again that the tool 
should be easy to use and the information presentation accurate and transparent 
regarding data uncertainty. In addition, further evaluation was performed in spring 
2018 through interviews, surveys, and user testing. By this time, the design of the 
AgMIP Impacts Explorer was complete and all components were functional. 
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In Nioro, Senegal, smallholder rainfed farmers primarily cultivate cereals (millet, maize, and 
sorghum) and legumes (peanut and cowpea). Crop residues are used to feed livestock, 
while manure is used to fertilize the cropping system. Recently, farming systems in West 
Africa have begun to experience climate related impacts to crop production. False starts to 
the cropping season, untimely cessation of the growing season, and water stresses during 
the post-lowering and grain filing stages of crop maturation, all have increased in frequency 
in recent decades, Already, warm days and warm spells have become more frequent in 
recent decades as maximum and minimum temperatures have increased, 
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Fig. 5. Example of a summary of a regional study. The icons on the bottom left lead to sections in 
the text on the farming system, climate change projections, climate change impacts, etc. 
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Fig. 6. Overview panel of the Spatial Dashboard. 


Evaluation methods 


The AgMIP Impacts Explorer was evaluated for a last round of feedback and com- 
ments before the project completion. Two methods were applied: interviews in 
combination with a think-aloud procedure, and face-to-face feedback sessions at 
the 7th AgMIP global workshop. 
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Fig. 7. The detailed panels of the Spatial Dashboard. 
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Fig. 8. The Data Exploration Tool. 


The think-aloud protocol is a widely used protocol in usability testing (Nielsen 
et al., 2002) and involves participants thinking aloud as they are performing tasks 
in an application. Participants are asked to verbalize their intentions for instance 
what information or functionality they are looking for, why they select a specific 
option, what they notice in the interface, when they are confused, and what they think 
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of the feedback and results. The interviewer observes the participants for physical 
reactions (for instance, hesitation or frustration), sometimes encourages them to keep 
talking, and records the responses for analysis. This procedure gives insight into the 
participants’ cognitive processes and reveals expectations and misunderstandings 
that may be due to the design of the interface but also due to users’ experience and 
knowledge of a domain. It leads to a deeper understanding of the usefulness and 
appreciation of an application. 

Prior to the thinking aloud, the participants were asked about their function, IT 
experience, knowledge of agricultural production, and their current search methods 
for this information. Afterwards, they were asked to elaborate their responses, to give 
feedback on specific components of the tool, and further reflect on the usefulness 
of the application for the target user groups. The interview was semi-structured and 
gave the participants an opportunity to suggest changes or enhancements. 

In the face-to-face feedback sessions, participants spent between 20 and 30 min- 
utes exploring the application at a stand on the exhibitors’ floor at the 7th AgMIP 
global workshop. The sessions were created to guide priorities for the “at a glance” 
user, regarding characteristics of the tool that are attractive, and those that are not, 
that might otherwise cause a user to leave the interface in search of a different tool. 


Results of interviews with think-aloud protocol 


The participants had not seen an earlier version of the tool. Five were representative 
of the target user group, two of them were involved in policy making, and three in 
research. Four were students with an interest in and some knowledge of agricultural 
production. All except one had experience with online tools such as dashboards and 
interactive visualizations. 

The participants were generally positive on the design idea and the three different 
components to support different user groups. They found it easy to navigate the tool 
and they understood the main functionalities of each component. The design and 
visual representation, for instance the graphics of the Spatial Dashboard, were also 
appreciated. They could imagine that the tool would be useful for policy makers, 
for researchers, and for education. 

During their exploration of the tool components to find specific information, 
they reported a range of issues. Most related to the content of the AgMIP Impacts 
Explorer that did not match their needs regarding the time frame, level of detail 
(either more detailed or a higher aggregation level), the number of regions, and 
geographic coverage. A policy advisor emphasized that the usefulness of the tool 
largely depends on the content; when the studies are too different for extrapolation, 
they will not be useful for policy planning or decision-making on regional or national 
levels. 
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The participants regularly required more information on specific aspects of the 
AgMIP methodology and vocabulary, but then only looked at the provided expla- 
nations superficially. The data presentation in the Spatial Dashboard and the Data 
Exploration Tool led to questions on uncertainty, visualization style, data units, and 
data reliability. Researchers remarked that they would prefer to download datasets 
for their own use. 

Finally, participants often overlooked relevant information, icons, or other inter- 
face elements. This may be related to the amount of information and options offered 
in each screen and to the design of the screen (layout, size, and colors of the ele- 
ments). For example, the menu icons in the regional summaries were often over- 
looked and only noticed after the participants had already scrolled through most of 
the content. 


Results from face-to-face feedback sessions 


During the 7th AgMIP global workshop held from April 24—26, 2018, in San José, 
Costa Rica, stakeholders were invited to participate in user sessions. Feedback was 
received from about 15 users who were identified as scientists, economists, policy 
experts, and crop model researchers. 

Participants generally spent between 20 and 30 minutes exploring the applica- 
tion at a stand on the exhibitor and refreshment floor. Due to this context and the 
short interactions with the participants, the reactions are considered closer to first 
impressions than a full assessment, as such, user interest to explore the tool, while 
not revealing the actual usefulness for any particular stakeholder. Only when an 
individual begins to search for specific information does it becomes clear whether 
or not the application provides answers to the users’ information needs. Closer looks 
by users resulted in questions on explanations, quality of the outcomes, issues of 
uncertainty, deviation of results from expected behavior, unexpected results, and so 
forth. 

These results reinforce outcomes of the think-aloud protocol and interviews. 
The overall design idea is understood fairly quickly. The components (the Regional 
Summaries, the Spatial Dashboard, and the Data Explorer) are appreciated because 
they offer a different view on outcomes and are attractive to browse through. Par- 
ticipants were able to successfully navigate between the three levels. Participants 
were also able to identify where the interface or navigation needed improvement; 
where content would benefit from careful editing and tailoring to users’ knowledge 
or expectation; and improved understanding of anticipated user information needs. 

The 2018 version of the AgMIP Impacts Explorer was developed as a learning 
tool to facilitate discussion and knowledge sharing among researchers and stake- 
holders. Participants acknowledged its beneficial use for educational purposes. Were 
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the tool to become a standalone application, however, more sites would need to be 
included. In addition, participants expressed interest in being able to upload their 
own case and its main messages. Participants also expressed interest in being able 
to upload similar types of assessments with different indicators. They further sug- 
gested that the tool include the capacity to generate a downloadable report that could 
be handed over to Aid Agencies. 


Conclusions and Recommendations 


The main goal of this chapter was to communicate important lessons learnt in the 
design, development, and evaluation of the AgMIP Impacts Explorer. Our experi- 
ences support the recommendations of several authors to adopt user-centered design 
methods (for instance, McInerny et al., 2014; Grainger et al., 2016). Applying this 
strategy allowed us to recognize the diversity of requirements of the different user 
groups and led to the design of three distinct (but connected) tool components. In 
the evaluation, participants generally appreciated this design idea and the different 
(textual and visual) information presentation techniques. 
Our experiences lead to the following recommendations: 


1. Involve stakeholders and other professionals (i.e., the intended users of the 
platform) in the design and evaluation of a tool. Stakeholders often have 
different questions and information needs than the climate impact researchers 
might anticipate. The researchers also tend to overestimate the effort individuals 
are willing to spend on an online tool, like reading instructions or background 
information. User testing reveals that users tend to skip introductions and are 
quickly discouraged when they are not able to find what they anticipated. 

2. Establish a representative set of data and related content (e.g., descriptive 
texts) as soon as possible to allow sufficient time for effective and valid testing 
and evaluation. In this way, tool developers will be less impacted by delays in 
the availability of actual research results. A representative set of data and other 
content (descriptive texts, for instance) will maximize time for design and testing 
of the interactive visualizations and improvement of tool prototypes. 

3. Represent the tool for what it is to facilitate interaction about what it might 
become. Online tools and portals with limited amounts of data and key messages 
are useful in co-learning or discussion exercises. However, unless this stage of 
development is clearly communicated, the tool may be felt to be of limited use 
or interest and therefore quickly becoming obsolete. 

4. Detail project plans to ensure sufficient budget and expertise for the many 
facets of tool development. Application design, software development, data 
visualization, and testing require specific skills that are essential for producing 
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successful tools. Time and budget are also needed for key message and 
infographic development by design-oriented communications experts prior to 
coding. 

5. Maintain and update tools. If the intention is to further develop and maintain 
the tool in the future, a plan for maintenance and support should be included 
from the start. 
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Introduction 


This chapter summarizes the overall findings, methods, tools, and results of the 
Agricultural Model Intercomparison and Improvement Project’s (AgMIP) Regional 
Integrated Assessments (RIA) from 2012-2017. 


*Text from this summary chapter is taken from the individual chapters of this volume. 
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High-level Findings 


Across the entire AgMIP RIA project, undertaken from 2012 to 2017, several new 
findings and major messages emerged: 


e In the current climate, integrated strategies including management and market 
interventions, such as improved cultivars, switches in cropping systems, and mar- 
ket development, can significantly improve smallholder farming livelihoods in 
many locations. 

Regions with minimal fertilizer applications are often more limited by soil fertility 
than by climate factors. Improving fertility is essential in these regions. 

In the future, even with anticipated agricultural development, climate change 
generally will exert negative pressure on farmer livelihoods in most locations. 
Furthermore, the changing climate will not affect all farmers in the same way. 
Aggregated reporting of impacts hides significant variability in vulnerability and 
poverty among different groups of farmers. 

Climate change is more detrimental to some crops than others and these differ- 
ences need to be taken into account in developing adaptation packages. 

Future adaptations are able to overcome a portion of negative climate change 
impacts on smallholder farmers, but will not compensate completely in many 
locations. Targeted adaptations for future climate change include improved heat- 
and drought-tolerant crop and livestock varieties, sowing practices, and fertilizer 
applications. 


AgMIP RIA Methods and Tools 


AgMIP RIA methods and tools included the first-ever use of multiple crop models 
in regional climate change impact assessments. This provided key insights into the 
differences between the Agricultural Production Systems Simulator (APSIM) and 
the Decision Support System for Agrotechnology Transfer (DSSAT), two of the 
major crop models in wide use today. 


Understanding differences in climate sensitivity simulations 
of the APSIM and DSSAT crop models 


The CO;, temperature, water, and N fertilization (CTWN) protocol has helped us 
to understand the differences between the APSIM and DSSAT crop models in their 
responses to environmental and management factors (see Part 1, Chapter 2 in this 
volume). The CTWN simulations with different models at different sites have been 
highly valuable for understanding the differential sensitivity of the APSIM and 
DSSAT models to climate and nitrogen, and have provided several key insights. 
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The first insight is that APSIM and DSSAT models mostly agree on their CO2 
responsiveness for different crops. But more important, crop responses to CO, show 
interactions with N fertilization being considerably muted in highly N-deficit sys- 
tems; thus we are not seeing the benefit of the rising CO, that exists in well-fertilized 
fields (both crop models predict this). This means that underdeveloped regions will 
benefit less from elevated CO, than expected and that models that do not account for 
degraded soils and low N fertilization will give incorrect (too optimistic) responses 
to CO3. 

The second insight is that the simulated sensitivity to rainfall is less than expected 
(for both models) because the simulated leaf area index (LAI) for N-deficient crops 
is so low that transpiration demand and soil water depletion are not major problems; 
thus sensitivity to rainfall is less (except as was found in the case of well-fertilized 
fields in the Republic of South Africa). In addition, simulations of rainfall response 
under low N fertilization indicate that higher rainfall actually reduces yield because 
the small amount of available mineralized N is leached before the crop can capture 
it all (both the APSIM and DSSAT models simulate this effect). 

These two observations confirm strong interactions between rainfall variation 
and N fertilization. This cautions against the use of crop models that cannot account 
for degraded soils and low N fertilization because they will likely give incorrect 
(too much) response to rainfall variation. The highly N-deficit systems may also 
affect the simulated response to N fertilization, where there may be positive effects 
of temperature where they are not expected. For example, soil N mineralization 
responds to rising temperature to provide more available N, thus altering the tem- 
perature optimum for production. However, the APSIM and DSSAT models vary in 
respect to soil N mineralization. 

The third insight is that the APSIM and DSSAT models often differ in their tem- 
perature responses for different crops, which is not surprising considering they were 
separately developed and thus have different temperature parameterizations for life 
cycle phenology, leaf area expansion, radiation use efficiency (RUE)/photosynthesis, 
grain set, and rate of grain filling. The DSSAT-CERES-Maize model is more sensi- 
tive than the APSIM-Maize model to elevated temperature, an outcome associated 
primarily with different parameterizations of the rate of single grain growth. There 
are also minor contributions caused by maize model differences in temperature 
parameterizations of RUE and soil C mineralization. For three Kenyan sites differ- 
ing in temperature (due to elevation), the two crop models give different temperature 
responses with APSIM showing optimum yield at +2°C, +4°C, and +6°C depend- 
ing on site. 

The sorghum models in APSIM and DSSAT appear to have very minor differ- 
ences in temperature response, with reasonable temperature response curves simu- 
lating optimum yield at +2°C. The millet models differ in temperature response with 
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the APSIM-Millet model showing almost no response to temperature over the range 
(+2°C to +8°C) and the CERES-Millet model in DSSAT has moderate temperature 
sensitivity with optimum at +2°C. Both the APSIM-Wheat and DSSAT-CERES- 
Wheat models show similar declining yield responses to rising temperature for both 
Pakistan and northern India. The APSIM and DSSAT rice models similarly show 
reduced yield with rising temperature in Pakistan and northern India. For both wheat 
and rice crops at these already warm sites, yield in both models is improved with 
—2°C simulations. 

While there are variations among the APSIM and DSSAT crop models on 
their temperature responses, we cannot give definitive statements as to which 
model is right because the necessary data on growth and yield at elevated tem- 
peratures for testing the models are often lacking. And even where such data 
are becoming available, the models have not yet been tested or modified based 
on those data. The AgMIP-Wheat modelers have evaluated their models against 
the Hot Serial Cereal experiment, followed by model improvements. However, 
the APSIM and CERES wheat models used in this RIA study were versions 
prior to any modifications based on those tests. Likewise, AgMIP-Rice modelers 
are evaluating rice models against elevated temperature experiments, but the 
present rice models have not yet benefited (or been modified) based on those 
tests. 

A fourth insight is that these exercises for low-input production on degraded 
soils have helped us to understand and guide model calibration for response to 
N fertilization relative to degraded soil conditions. The stable soil organic carbon 
(SOC) fraction (DSSAT-CENTURY) or the fraction of inert SOC (APSIM) must be 
adjusted to match the low yields obtained under zero-N fertilization (the present sites 
used, depending on region, had small amounts of N fertilizer). The full response to 
N fertilization must be simulated (0 to 210 kg N ha™') in order to match the genetic 
potential of the cultivar. It is too easy (commonly done and too often), but absolutely 
incorrect, to modify genetic parameters of a cultivar to mimic the low yields under 
low input production. The challenge is to design experiments that characterize the 
genetic potential of the cultivar in question for N response. 

An additional caution for assessing climate change impacts in low-input agri- 
culture regions is the re-initiation of the crop models every year (as done in these 
simulations) in contrast to continuous sequence/rotation stimulations. It has been 
reported that +3°C warming (climate change) will cause that loss of SOC when 
simulated with carry-over sequences over the long term and that the loss in SOC 
and N causes an additional reduction in yields when compared to re-initiating the 
models every year. 
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Transforming agricultural farming systems: The role of Representative 
Agricultural Pathways for decision support 


The AgMIP Representative Agricultural Pathway (RAP) process is useful in unpack- 
ing the complexity of technical, institutional, and policy issues from local to national 
levels (see Part 1, Chapter 3 in this volume). It helps to build scientist confidence 
in distilling powerful key messages that can be used to inform decision processes. 
Nurturing opportunities for stakeholder contributions support buy-in, ownership, 
and continuity, e.g., in jointly designed research processes, options verified with 
communities, and from local to national levels. 

In the AgMIP Regional Integrated Assessment (RIA) in SSA and SA each 
research team member became proficient in the research objectives and contents, 
across disciplines, and was able to guide multidisciplinary dialogue with stakehold- 
ers. Inconsistencies, opportunities, and challenges were identified beyond individ- 
ual disciplines and affiliations, and across local (district) provincial and national 
levels. 

Key findings from the RAP process include: 


e Establishing solid research results and context understanding at a local level and 
taking that to national levels was seen as a useful direction, as it provides facts 
and legitimacy, where decisions are often political rather than information-based. 

e Engaging national research organizations and ministries in scenario generation 
and multi-model simulations would be transformative, also in accessing and 
using scenarios for strategic exercises (e.g., vulnerability assessments, adapta- 
tion costing, policy making, Adaptation NDC revision, NAP, GCF feasibility 
studies/projects development, academic studies, or National Communications). 

e Presenting feedback from AgMIP research, scenarios, and impact assessments 
helps to set national-to-local priorities for policy, research, and development, 
which currently are often development—based, without understanding the possible 
climate challenges of the future. 

e Strategically providing national departments and networks with context-specific 
information on vulnerability and adaptation impacts for specific agricultural pro- 
duction systems informs adaptation options and processes. 

e Developing capacity of national scientists and government staff in accessing and 
using climate and other scenarios and simulations broadens the use of these 
approaches and leads to implementation and verification. 

e Creating a clear road map for agricultural policy can guide decision makers in 
regard to desired trajectories and targets, and how to reduce barriers along the 
way to adoption. 
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The RAP process is one element of the AgMIP RIA approach that is transforming 
climate change research through integrated, simplified, protocols-based approaches. 
This is helping to achieve a more sustainable impact on development, planning, and 
investment. 

Recommendations include the following: 


e Direct research funding towards long-term (dynamic) research programs that can 
continue improving, up-scaling, and providing better, more accurate information 
that tackles more complex issues. 

e Set clear policy directions, articulate decision-making needs, and improve cross- 
sectoral coordination. 

e Explore knowledge systems and behavioural responses in order to understand and 
address the root causes of poverty. 

e Use cross-scale networks, improve communication, and build capacity to raise 
commitment from stakeholders for sustainability goals. 


Design, development, and evaluation of the AgMIP impacts explorer: 
Applying a user-centered approach in of an interactive 
visualization tool 


The development of the AgMIP Impacts Explorer supports the recommendations 
of several authors to adopt user-centered design methods (see Part 1, Chapter 4 
in this volume). Applying this strategy enabled us to recognize the diversity of 
requirements of the different user groups and led to the design of three distinct 
(but connected) tool components. In the evaluation, participants generally appreci- 
ated this design idea and the different (textual and visual) information presentation 
techniques. 

The experience with the AgMIP Impacts Explorer leads to the following recom- 
mendations. 


1. Involve stakeholders and other professionals (i.e., the intended users of the 
platform) in the design and evaluation of a tool. Stakeholders often have 
different questions and information needs than the climate impact researchers 
might anticipate. The researchers also tend to overestimate the effort individuals 
are willing to spend on an online tool, like reading instructions or background 
information. User testing reveals that users tend to skip introductions and are 
quickly discouraged when they are not able to find what they anticipated. 

2. Establish a representative set of data and related content (e.g., descriptive 
texts) as soon as possible to allow sufficient time for effective and valid testing 
and evaluation. In this way, tool developers will be less impacted by delays in 
the availability of actual research results. A representative set of data and other 
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content (descriptive texts for instance) will maximize the time for design and 
testing of the interactive visualizations and improvement of tool prototypes. 

3. Represent the tool for what it is to facilitate interaction about what it might 
become. Online tools and portals with limited amounts of data and key messages 
are useful in co-learning or discussion exercises. However, unless this stage of 
development is clearly communicated, the tool may be felt to be of limited use 
or interest and therefore quickly become obsolete. 

4. Detail project plans to ensure sufficient resources and expertise for the many 
facets of tool development. Application design, software development, data 
visualization, and testing require specific skills that are essential for producing 
successful tools. Time and resources are also needed for key message and info- 
graphic development by design-oriented communications experts prior to coding. 

5. Tools require maintenance and updating and may quickly become obsolete 
if they are not kept up to date. If the intention is to further develop and maintain 
the tool in the future, a plan for maintenance and support should be included from 
the start. 


AgMIP Regional Integrated Assessment Studies 


Each of the Regional Integrated Assessments (RIAs) in Sub-Saharan Africa and 
South Asia provide key findings and recommendations for the farming system 
studied. 


Impact of agricultural intensification and climate change on the livelihoods 
of farmers in Nioro, Senegal, West Africa 


The AgMIP CIWARA Regional Integrated Assessment studied the probable 
changes in climate, crop, economic, and livelihood outcomes in smallholder agri- 
culture in West Africa, as well as adaptation benefits by applying the most advanced 
RIA methods available, based on quantitative multi-model simulations informed 
and verified by multiple stakeholders (see Part 2, Chapter 1 in this volume). The 
study indicates that temperatures will increase in the near future by 1°C—3°C across 
climate scenarios and showed potential for either increase or decrease in precip- 
itation. Cereal yields are projected to be negatively impacted by climate change 
with maize being the most vulnerable, while sorghum and millet were marginally 
impacted. Peanut production will, however, benefit from climate change mainly due 
to CO; fertilization effects. 

Except for in the hot/dry climate scenario that combines high temperature and 
insufficient water, climate change is expected to have positive impacts on farmer 
livelihoods based on the current production system in Nioro, mainly because it is a 
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peanut-dominant farming system and climate change impact on peanut is generally 
positive. Also, we found that at least three smallholder households out of four are 
potential adopters of a basic increased fertilizer and improved crop management 
package, but at most one in 10 would adopt a compound fertilizer combined with 
an improved variety. 

In tomorrow’s production systems and socio-economic conditions, climate 
change would also have a positive impact on Nioro farmer livelihoods in all cases 
simulated, especially under the high price scenarios, mainly due to the importance 
of peanuts in the households. However, under low price scenarios, climate change 
would have a negative impact on Nioro farmer livelihoods in most cases. In the 
future, at least one smallholder household out of two are potential adopters of a 
basic package of heat-tolerant crop varieties. 

AgMIP provides powerful decision support tools. In the future, we plan to 
further engage with higher levels of policy and decision-makers to design with 
them the most desirable outcomes in order to move away from business-as-usual 
and to address the major obstacles of agriculture development (low input use, 
increased weather variability, high risks, lack of financing, etc.). These analyses 
enable us to pinpoint the main hurdles that need to be tackled in the changing 
environment and help to define potential solutions to be co-generated with the 
main stakeholders (such as policy makers, elected officials, farmers organizations, 
and NGOs). 


An integrated assessment of climate change impacts and adaptation 
in maize-based smallholder crop-livestock systems in Kenya 


This Regional Integrated Assessment provides insights into the potential impact 
of climate change and adaptation on maize-based systems in Kenya (see Part 2, 
Chapter 2 in this volume). All the climate models used in the assessment predict 
a warmer future compared to the current climate; the future scenarios are warmest 
in the higher emissions pathway. The projected increase in temperature is lowest 
at the coast and increases westward, with the largest increases at the sites near the 
Kenya—Uganda border. The climate models are in less agreement on the direction of 
change in precipitation compared to current levels. Under both emission scenarios, 
the wettest scenarios indicate increases in precipitation and the driest scenarios 
predict decreases in precipitation during the growing season. Based on previous 
work, there is reason to believe that climate models have relatively low skill in 
reproducing East Africa precipitation climatology, which leads to uncertainty as to 
whether the region will be wetter or drier in the future. 

This assessment finds that the projected climate change in Kenya negatively 
impacts current maize-based systems. Crop model simulations indicate that, with 
current management, maize yields are lower in future climate scenarios compared to 
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the current climate. The decrease in maize yields leads to lower farm net returns for a 
majority of farms across the future climate scenarios and across the maize-producing 
regions of Kenya. However, there is heterogeneity in the impacts across Kenya: the 
farms in the high maize potential zone (MPZ) are the most vulnerable to climate 
change. In the worst-case climate scenario, maize yields in this area are predicted to 
decrease by a larger degree than in the low and medium MPZs. Moreover, farms in the 
high MPZ are more reliant on maize than in the other MPZs, where household income 
is relatively diversified across off-farm work, maize, other crops, and livestock. 

In terms of potential adaptation, a large portion of farms in current maize-based 
systems may benefit from a policy intervention aimed at decreasing fertilizer prices 
and increasing milk productivity. This intervention is represented by a subsidy that 
lowers the prices farmers pay for commercial fertilizers and improves access to fer- 
tilizers with investment in infrastructure and lower transaction costs associated with 
participating in fertilizer markets. The intervention also includes technical assis- 
tance programs to improve feeding strategies for milking cows and the donation 
of one improved breed milking cow to every farm, similar to the basic elements 
of the East Africa Dairy Development project. Both maize and milk productivity 
are predicted to increase under the intervention, which leads to increases in farm 
net returns for households across Kenya. By increasing farm net returns, the inter- 
vention is expected to increase the per capita income and decrease the poverty 
rate. 

As in current production systems, a large majority of farms in future production 
systems are predicted to benefit from a policy intervention aimed at increasing fer- 
tilizer application and milk production. This intervention is modeled with increased 
fertilizer and manure application and the provision of two-to-three improved breed 
cows to each farm in future production systems. The changes in maize manage- 
ment increase yields and offset negative climate impacts. The provision of multiple 
improved breed cows increases both milk production and milk productivity. As a 
result, maize and milk net returns tend to increase for farms across Kenya, leading 
to increases in per capita income and decreases in poverty in each of the future 
scenarios. The large increase in milk net returns is the main driver in the positive 
outcomes associated with the intervention. This result suggests that policy interven- 
tions aimed at increasing the farm focus on milk production, including the use of 
improved breeds, have the potential to greatly improve livelihoods in future maize- 
based systems of Kenya. 


Adoption and impacts of small-scale irrigation in Kenya’s maize-based 
farm households 


Studies that assess the ex ante impacts of climate change and related adaptation 
measures have increasingly moved towards the use of more integrated approaches 
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to deal with the uncertainties of future conditions (see Part 2, Chapter 3 in this 
volume). However, several studies fall short of adequately incorporating adaptation 
in the analysis and effectively assessing distributional economic impacts. Similarly, 
advances in recent literature on the use of biophysical crop models for this type 
of analyses have suggested that multi-model ensembles result in a more accurate 
estimation of grain yield for various crops compared to any single model. Overall, 
the complex behavior of semi-subsistence crop-livestock-based agricultural systems 
poses many challenges in policy analysis. This chapter demonstrates the use of an 
integrated assessment framework that can be a useful tool to assess impacts of policy 
interventions aimed to improve agricultural production systems. 

We use an integrated modeling framework for this analysis, combining a grid- 
ded crop simulation model and a household dataset with a disaggregate farm-level 
model. A fundamental feature of agricultural households is their biophysical 
and socio-economic heterogeneities. This analysis captures the site-specific bio- 
physical processes and farm-level behavior by stratifying farms based on their 
biophysical and economic environments and using the gridded crop simula- 
tion output from two iterations of the DSSAT model in the Trade-off Anal- 
ysis Model for Multi-Dimensional Impact Assessment (TOA-MD) framework. 
An important feature of this framework is the integration of adoption behav- 
ior of farmers and their choices between different systems. By modeling adap- 
tation and adoption of technological intervention measures, we can model shifts 
in supply from both adopters and non-adopters and the consequent distributional 
impacts. 

Our findings provide important insights into the potential impact of climate 
change and adaptation on maize-based systems in Kenya. Results from the two 
iterations of the DSSAT model predict average negative impacts of climate change 
on current maize-based systems in Kenya. Under current management, maize yields 
are predicted to be lower across most zones in the future climate scenarios compared 
to the current climate. The decrease in maize yields leads to lower farm net returns 
across most maize-producing households in Kenya. 

However, there is significant heterogeneity in these impacts — farms in the 
high potential maize zone are the most vulnerable to climate change because they 
are more reliant on maize than the other zones, where household income is rela- 
tively diversified across off-farm work, maize, other crops, and livestock. Moreover, 
although DSSAT model predicts increased yields for farmers in the low maize poten- 
tial zone, these higher yields do not necessarily lead to positive impacts because of 
the heterogeneity in impacts across the farms in this zone. Despite the aggregate out- 
comes, the strata-level results predict that climate impacts differ based on locational 
agroecology and household income diversification. 

In terms of potential adaptation, a large portion of farms in the current maize- 
based systems may benefit from irrigation expansion in Kenya. By increasing maize 


AgMIP Regional Integrated Assessments 133 


yields and subsequent farm net returns, irrigation expansion is expected to increase 
the per capita income and decrease the poverty rate. The impacts of irrigation also 
show significant heterogeneity across zones; for example, farmers in the low poten- 
tial zone have lowest impacts on farm income and poverty despite having the highest 
adoption rates. Overall, results suggest that policy interventions aimed at irrigation 
expansion have the potential to improve livelihoods in future maize-based systems 
of Kenya. 


Assessing the impact of climate change on the staple baskets 
of Botswana and South Africa 


In this RIA in Southern Africa, it has become clear that in order for stakeholders, 
policy-makers, and farmers to make informed decisions on climate change adapta- 
tion in agriculture they require reliable evidence to support their planning process 
(see Part 2, Chapter 4 in this volume). The structure and methodology of this study 
linked quantitative and qualitative evidence in a scientific process to unpack com- 
plex research questions in a manner that is well documented and replicable. For 
stakeholders and policy-makers, outputs are made accessible through visualization, 
i.e., graphs and maps. 

The study has proven that, although optimal data were not available (i.e., house- 
hold surveys with production and economic information), substitute information 
could be used because of the spatial linkages. The introduction of a spatial compo- 
nent to the RIA framework allowed for this methodology to be implemented with 
the AgMIP protocols. 

Using two crop models has demonstrated that uncertainty about probable future 
yields is not only due to the uncertainty of projected climate but may also be due to 
crop model uncertainties. Conclusions on probable future yields in climate change 
studies should therefore not be based on a single crop model but should include an 
ensemble. Along with using a model ensemble, the crop models should each not only 
be tested for their sensitivity to the variables that are important to climate change, 
viz. CO2, temperature, water, and N fertilization (CTWN), but these tests should also 
include some of the variables that are important in the adaptations. Examples are 
radiation use efficiency (RUE) and temperature at which maximum development 
rate occurs for reproductive stages (ROPT). This would enable the discovery of 
further areas of crop models improvement. 

All in all, the study indicated that on average, for the two plausible futures 
simulated, farmers will still be able to be profitable and the Free State will still be 
able to deliver to South Africa’s Staple Basket and food security under projected 
climate change. The future of small-scale farming systems in Botswana will however 
still be under pressure even if they introduce adaptation measures, such as heat- and 
drought-tolerant cultivars. 
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Transforming smallholder crop-livestock systems in the face of climate 
change: Stakeholder-driven multi-model research in semi-arid Zimbabwe 


The multi-model framework utilized in this study provides an explorative analysis 
of the potential impacts of climate change on smallholder agricultural activities in 
Nkayi district, representing typical farming conditions in semi-arid Zimbabwe (see 
Part 2, Chapter 5 in this volume). The major findings include: 


1. Sensitivity to climate change, current conditions. In areas like the Nkayi dis- 
trict, where productivity is currently very low (maize yield < 500 kg/ha), the 
impacts of climate change were found to be generally small, though this varied by 
farm activity (i.e., crop type and/or livestock). The impact to farmers depended 
on the extent to which their activities were already diversified. 

2. Impact of improved management, current conditions. Under conditions of 
extremely low productivity, there was high potential for integrated interven- 
tions (1.e., technologies, institutions, and policies) to increase farm net returns. 
Increasing the importance of more profitable crops, e.g., groundnuts, had major 
contributions to increased farm net returns, without compromising food self- 
sufficiency. 

3. Impact of climate change, future conditions. By 2050 the conditions for farm- 
ing improved under both the Sustainable Development RAP and the Rapid- 
Economic Growth RAP, due to greater investments in technologies, improved 
institutions, and dedicated policies, even under higher temperatures and rising 
CO; levels. This would enable farmers to implement improved farm manage- 
ment, diversified and intensified crop and livestock production, and set more of 
their land in value. Even though climate change impacts were higher with higher 
yield levels, farmers would be better off as compared to today and climate change 
impacts on overall farm net returns would be reduced. Climate effects would be 
influenced by the relative importance and sensitivity of farm sub-activities and 
price changes. 

4. Impact of climate change adaptation, future conditions. Under those future 
conditions where agricultural production systems would have intensified and 
expanded on more profitable farming activities as compared to today, adapta- 
tion to climate change was less significant. The main issue was that increasing 
temperatures (high evaporation, hence less water available for crops) caused 
reduction of cereal crop yields due to accelerated growth with little time for 
biomass accumulation. Hence lengthening of crop life cycle can be used to 
reduce the negative effects of climate change on cereals. For grain legumes, 
such as groundnuts, increased CO, levels, to a large extent, negated the negative 
effects of increased temperatures. Improvements in crop drought tolerance can 
reduce the effects of climate change; it would also be important for improving 
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both quality and quantity of livestock feed, and also soil fertility if used as 
mulch. 


Key messages for decision-makers 


The study results generated key messages to inform decision processes across local 
to national scales. 


e There is great urgency to enhance agricultural production and technical actions in 
the present that can be undertaken to the benefit of farmers, including the poorest. 
Lifting the farmers out of poverty does not necessarily require new technology, but 
does require improvement and reconfiguration of what is already there. Improving 
access to currently available technologies is one of the challenges. Even though 
high-yielding crop varieties are available, farmers fail to access them and hence 
normally use recycled seeds. 

e Results show that what is driving the system to improved crop and feed manage- 
ment is clearly increased yields through greater availability of nitrogen, making it 
possible to convert land to more productive and profitable uses. Improved soil fer- 
tility management would therefore benefit the poorest most, often with N-depleted 
soils, and through improved feed and manure biomass would also benefit those 
with cattle. 

e If N supply combined with land conversion from maize to groundnuts leads 
directly to production and welfare effects, what limits its application? Most likely 
this is a question of institutional failure, non-functional output markets combined 
with unavailability and unaffordability of inputs, thus poor returns on invested 
inputs. These institutional barriers demotivate farmers from intensifying land use. 

e Food and feed legumes, for a long time neglected in support programs, are 
more climate-resilient and profitable crops, and an opportunity, especially for the 
extremely poor. There is a critical need to address feed gaps for those with more 
cattle. Market links to affordable local feed and commercial stock feed are critical 
if the region is to profit from its comparative advantage in livestock production. 


Development of Climate Change Adaptation Strategies for Cotton—Wheat 
Cropping System of Punjab, Pakistan 


Climate change is a great threat for current agricultural production systems in Pak- 
istan (see Part 2, Chapter 6 in this volume). Cotton and wheat are important cash 
crops and support the agro-based Pakistan economy. Climate change is projected to 
bring an increase in mean maximum temperature of 2.5°C to 3.6°C and mean min- 
imum temperature of 2.7°C to 3.8°C by mid-century in Punjab, Pakistan. Decrease 
in rainfall would be about 33% to 52% during the cotton-growing season and 36% 
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to 42% during the wheat-growing season with hot/dry conditions. Reductions in 
cotton yield of 7% to 42% and wheat yield of 2% to 4.5% would result. The cotton 
crop is relatively more sensitive to climate change than wheat. Wheat is benefited 
by future increases in CO concentrations but harmed by rising temperature. 

Economic results show that there would be drastic impacts on farm income due 
to the increase in temperature and humidity in the cotton—wheat cropping system. 
Seventy-eight percent of households are vulnerable to climate change, with simu- 
lated increases of 69% in farm poverty through reductions of 27% net returns in the 
current cotton—wheat cropping system. The crop yield reductions can be minimized 
by management interventions on farms that increase sowing density and fertilizer 
application in cotton and change the sowing dates and fertilizer application meth- 
ods in wheat. Those would increase net returns by 15% and reduce poverty for 
about 70% of farm households (69% are vulnerable in the case of the Sustainable 
Development Pathway and 74% in the Unsustainable Development Pathway) in the 
future agricultural production system. Poverty would increase by 53% due to a 19% 
decrease in net farm returns. The proposed adaptation package includes increase 
in sowing density, balanced use of fertilizer, and improved genetic cultivars. The 
adoption rate of this adaptation package is projected to be 56%, and it reduces farm 
poverty levels on average by 36%. 


Integrated Assessment of Climate Change Impacts on Rice—Wheat Farms 
of IGP-India through Multi-Climate-Crop Model Approach — A Case 
Study of Meerut District, Uttar Pradesh, India 


Climate change impacts are increasingly visible in South Asia (SA) with greater 
variability of the monsoon, noticeably a declining trend with more frequent deficits. 
There has also been an increase in the occurrence of extreme weather events, such as 
heat waves and intense precipitation, that affect agricultural production and thereby 
the food security and livelihoods of many small and marginal farmers, particularly 
in the more stress-prone regions of the central and eastern Indo-Gangetic Plain 
(IGP) (see Part 2, Chapter 7 in this volume). This study shows that, under current 
production systems, although the magnitude of decline in net farm returns and per 
capita income may look small, it will adversely affect a large proportion of farms 
(49%-74%). The adaptation strategy for the current production system enhances rice 
yield by 6%-14% (APSIM and DSSAT) and wheat yields by 11%—18% (APSIM 
and DSSAT). These changes in the production system result in 11%—14% increase 
in mean net farm returns and 7%-8% increase in per capita income (APSIM 
and DSSAT), which result in 2%-3% decline in population poverty rate. The 
adoption rate of the adaptation strategy in the current production system would 
be 57%-62%. 
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The TOA-MD analysis shows that though the gains in mean net farm returns 
(15%-25%) are comparatively higher than the losses (15%—16%) under five climate 
scenarios, a substantial proportion of households (33%-—5 1%) remains vulnerable to 
the adverse impacts of climate change even if the Sustainable Development Pathway 
(RAP4) is adopted. The proportion of vulnerable households is the highest (50%-— 
51%) under hot/wet and hot/dry global climate models (GCMs). The net impact 
on farm returns is negative for these two scenarios. The sensitivity analysis (to low 
prices) shows that mean net farm returns and per capita income decline by 11%—16% 
and 8%-11%, respectively, under hot/wet and cool/dry GCMs, and 53%-80% of 
the population remain vulnerable to climate change. The proportion of vulnerable 
households under high price scenario is comparatively lower as compared to low 
price scenario (RAP 4). In comparison to the Sustainable Pathway (RAP 4), the 
net farm returns are lower by 36.5% under Unsustainable Development Pathway 
(RAP 5) under the low price scenario. 

Under the Unsustainable Development Pathway (RAP 5), there are negligible 
increases in mean net farm returns (up to 5%) except in the hot/wet and hot/dry 
scenarios, which show a decline in net farm returns (up to 2.6%). Overall, 41%-51% 
of farm households remain vulnerable to climate change under RAP 5. The price 
sensitivity analysis under RAP 5 shows that mean net farm returns and per capita 
income are lower in comparison to the high price scenario, but the net returns in RAP 
5 are about 30% lower than those in RAP 4. When prices are high, the net gains are 
negative only under the hot/wet and hot/dry climate scenarios. But the sensitivity 
analysis shows that net gains under all five climate scenarios become negative under 
the low price scenario. This means that even the high growth trajectory under the low 
price scenario will not be able to withstand the negative impacts of climate change on 
farm returns, poverty, and per capita income. This will increase the vulnerability of a 
substantial proportion (42%—68%) of the population to climate change. In contrast, 
the Sustainable Development Pathway (RAP 4) will minimize the adverse impacts 
of climate change. 


Assessment of Climate Change Impacts on the Maize—Rice Farming 
System in Trichy District, Tamil Nadu, India 


Vulnerability of current system to climate changes 


The current production system would be more regularly affected by the high emis- 
sion scenario (RCP 8.5) than the low emission scenario (RCP 4.5) during the mid- 
century (see Part 2, Chapter 8 in this volume). In the future, the reduction in maize 
productivity is expected to be greater under hot/dry climatic conditions than under 
the other climatic conditions for both RCP 4.5 and RCP 8.5 scenarios. Maize yield is 
expected to decline up to 14% with the RCP 4.5 scenario and 24% with the RCP 8.5 
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scenario under hot/dry climatic conditions. Rice yield is expected to decrease up to 
18% under hot climatic conditions for the RCP 8.5 scenario. 


Potential adaptation in current system under current climate 


In the region, crops are planted without following a specific sowing window. Sow- 
ing the crops at the optimum sowing window could improve crop productivity 
by creating better environmental conditions during the crop growing period, as 
a climate-smart practice. Application of 25% of an additional dose of nitrogen was 
also included in the adaptation package. The adaptation package increased the maize 
yield around 10% and rice yield around 13%. 


Vulnerability of future system to climate changes 


Climate change impacts on the future system would be slightly lower than the 
current system. In the future system, modifications in crop genetics that increased 
crop duration and resilience to temperature changes and additional application of 
manure reduced the impact of climate change. Maize yield reduction would be 
around 9% with the Sustainable Development Pathway (RAP 4) and around 10% 
with the Unsustainable Pathway (RAP 5) under hot climatic conditions. In RAP 4, 
climate change is expected to reduce rice yield around 14% and 4% with RAP 5 
under hot climatic conditions. 


RIA of Climate Change Impacts on the Rainfed Farming System 
in Kurnool District, Andhra Pradesh, India 


The AgMIP RIA framework was used to assess the vulnerability of current and 
future crop-livestock production systems to climate change in the Kurnool district 
of Andhra Pradesh, India (see Part 2, Chapter 9 in this volume). This study used 
socio-economic data from a representative household survey conducted across the 
state of Andhra Pradesh on chickpea-based rainfed farming systems, together with 
downscaled climate data and site-specific weather and multi-location crop trial data 
to calibrate crop models. We stratified our sample households into the following: 
(1) Farm households located in low rainfall regions and (2) Farm households located 
in medium-to-high rainfall regions in the Kurnool district. 

The research revealed important findings. First, the climate analysis reveals that 
all the five GCMs used in this study predict that the Kurnool district will average 
higher (warmer) temperatures in the 2050s in the high emission scenario (RCP 
8.5). All projections generally predict increased rainfall, although there is a clear 
variation across climate models: 3% to 27% higher rainfall is projected under the 
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mid-range climate scenario and 6% to 40% higher rainfall across the five climate 
scenarios. 

Second, the analysis showed that the majority of fallow-chickpea-based farm 
households are vulnerable (68% in a warmer climate and 42% in a wet climate) to 
climate change if current production systems continue into the future. Vulnerability 
is not uniform across the Kurnool district and climate impacts vary according to 
scenario. The simulation results for low and high rainfall groups showed that the 
farm households in the low rainfall region with current low-input crop produc- 
tion systems and less opportunity for non-farm income are highly sensitive to both 
cool/wet (more favorable) and hot/dry (unfavorable) climate scenarios. Overall, the 
integrated assessment reveals that even under a highly favorable climate scenario 
(cool/wet), the current rainfed production system is vulnerable, although the mag- 
nitude of vulnerability varies across climate scenarios and farm household groups 
with inputs from stakeholders. 

To address current vulnerability, a “climate-smart” adaptation package was 
developed. By adopting this package, a large percentage of farm households in 
the fallow-chickpea-based cropping system would move from vulnerability to 
resilience. Nearly 80% of farm households will benefit from adopting this package 
today. The package includes interventions, such as promoting location-specific vari- 
eties (i.e., short-duration varieties in the low rainfall region and medium-duration 
varieties in the high rainfall region), providing critical irrigation using harvested 
rainwater, using recommended fertilizer application, introducing a new crop (fox- 
tail millet) during the kharif season to enhance the system productivity, and adopting 
mechanical harvesters to reduce harvesting costs. 

When considering this adaptation package in future climate scenarios, climate 
change will still have negative impacts on agricultural production — even with adap- 
tation measures, 60% of farm households are still vulnerable in a warmer climate 
scenario. Though this shows many farmers to be vulnerable, this number is lower 
than if no adaptation was implemented. Additionally, even though chickpea yields 
are lower in the warmer climate scenarios, economic impacts vary. Economic mod- 
els predict that prices in future climate change scenarios will be higher than prices if 
no climate change occurs. These higher prices will help offset the negative climate 
impacts on yield and reduce vulnerability. 


Contribution of Stakeholder Engagement to Research and Development 


Stakeholder engagement was a critical component of the AgMIP RIAs. The benefits 
and impacts of guiding research, building research capacity and networks through 
knowledge sharing, are often not visible at the end of a project, yet contribute to 
the relevance of its key messages. The engagement added value to the RIAs, as the 


140 C. Rosenzweig et al. 


research was designed and used to extrapolate the results from site-specific assess- 
ments and to influence processes in areas with similar conditions and support the 
urgency for transforming agriculture nation-wide. Specific stakeholder contributions 
to the research process included the following: 


e Refinement of research protocols. Stakeholder engagement supported knowl- 
edge and experience sharing, which was helpful to unpack the complexity of 
technical, institutional, and policy issues from local-to-national levels. Stake- 
holder priorities brought the analyses of possible changes to farm management 
under current conditions to the research agenda. Verification of research results 
with stakeholders helped to redesign transformative changes, options, and param- 
eters for future agricultural systems, within the boundaries of what would be 
possible, how it might influence other systems components beyond farms to the 
society and environment. 

e Strategic ways for research informing national dialogues. The engagements 
helped disentangle the policy formulation process to an extent that researchers 
are now able to understand alternative ways for influencing decision processes. 
Local stakeholders were consulted at the onset of the research to consider acute 
needs for evidence and the way in which it should be presented. Working with 
stakeholders and decision-makers throughout the research-led dialogue was an 
important strategy for feedback and adjustment. It created researcher confi- 
dence in distilling powerful key messages that can be used to inform decision 
processes. 

e Stakeholder engagement not a one-off activity. Multiple projects are nurtured 
through the stakeholder relationships developed in the AgMIP RIA research 
projects, as these projects will influence future interactions. Building trustful rela- 
tions enhanced efficiency in the way research was conducted and supported dis- 
semination of research results. How researchers handled relations in and between 
projects influenced sharing of information and building of new collaborations, 
beyond the scope of these projects. 

e Benefits from stakeholder engagement visible and acknowledged. Nurturing 
opportunities for stakeholder contributions supported buy-in, ownership, and con- 
tinuity from local-to-national levels, e.g., in jointly designed research processes, 
adaptation options verified with communities, how workshops were conducted, 
interpretation and publication of research results, and dissemination of outputs. 

e Appreciation for interdisciplinary research teams. For effective research and 
outcomes, research teams were necessarily interdisciplinary, and with represen- 
tation of national research organizations. Each research team member was profi- 
cient in the research objectives and contents, across disciplines, to be able to guide 
multidisciplinary dialogue with stakeholders. It was emphasized that researchers 
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must have listening, documentation, and facilitation skills to capture the richness 
of the stakeholder dialogues. 


The AgMIP RIAs built increased confidence in the use of research results for 
interdisciplinary collaboration. The engagement process created the understanding 
that stakeholders ‘own’ the RAPs, as well as the improved management and adap- 
tation packages. Inconsistencies, opportunities, and challenges were identified — 
beyond individual disciplines and affiliations — across local (district) provincial and 
national levels. The dialogue broke narratives of conventional development think- 
ing, leading to new discussions of how farmers could reconfigure their agricultural 
production systems and how they could benefit, if conditions of farming were more 
conducive, and input and output markets for crops and livestock transactions better 
integrated. 

The project also created an informed cross-scale dialogue. The RAP method- 
ology provided a structured approach for assessing possible futures of farming in 
Sub-Saharan Africa and South Asia. The AgMIP global science network provided 
credibility in the approach, which was seen to be very relevant for the countries where 
institutional and policy barriers sometimes restrict the full potential of agriculture 
and climate change adaptation. 

Establishing solid research results and context understanding at the local level 
and then taking that to national levels was seen as the right direction, as it provided 
facts, clear adaptation options, and legitimacy to policy-makers who often make 
decisions without credible research and scientific testing. The engagement of key 
stakeholders enabled the studies to be a new type of operational research that enables 
co-generation of knowledge and quick uptake of research results by various stake- 
holders and/or study users who include government program directors, scientists, 
extension workers, and farmers alike. 

Stakeholders themselves, by understanding the process and being involved in 
setting up the parameters, enabled real-time adjustments of the research process and 
gained confidence in the research results. This helped them to set new priorities 
for agriculture, e.g., changes in the cropping system with a greater proportion of 
small grains and legumes, fertilizer application, and fodder production. There is 
now greater confidence to promote the technology packages and synergies in the 
context of climate change. 

A new perspective was created that research on influencing cross-scale deci- 
sion processes is important. Cross-scale dialogue is powerful for raising awareness 
of gaps, opportunities, and challenges. Stakeholders responded by recommending 
AgMIP research to improve the relations among research, policy, and communica- 
tions. The research approach should be further designed to enhance each country’s 
capacity to generate relevant products and services inclusive of climate-informed 
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scenarios to guide other applications. Engaging national research organizations and 
ministries in scenario generation and multi-model simulations would be transforma- 
tive, also in accessing and using scenarios for strategic exercises (e.g., vulnerability 
assessments, adaptation costing, policy-making, adaptation in Nationally Deter- 
mined Contribution (NDC) revisions, the National Adaptation Plans (NAPs), the 
Green Climate Fund (GCF) feasibility study/project development, academic stud- 
ies, and the United Nations Framework Convention on Climate Change (UNFCCC) 
National Communications). 


2023 © The Author(s). This is an Open Access chapter published by World Scientific Publishing 
Europe Ltd, licensed under the terms of the Creative Commons Attribution 4.0 International License 
(CC BY 4.0). 
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ig The Agricultural 
Model intercomparison 
ë and Improvement Project 
i. Introduction 


The purpose of this handbook is to describe recommended protocols for a trans-disciplinary, 
systems-based approach for regional-scale (local to national scale) integrated assessment 
of agricultural systems under current and future climate, bio-physical and socio-economic 
conditions, and potential interventions and adaptations. These assessments are designed 
to evaluate climate impact, adaptation and vulnerability of farming systems and farm 
households in support of stakeholder decision processes. The methods presented here are 
designed to represent the population of farm households operating in a recognized farming 
system in a geographic region, typically comprising one or more agro-ecological zones 
within a country, with larger-scale assessments possible given data availability. 


Readers who wish to learn about the overall process should read through the main sections, 
and others may want to go directly to the numbered sections below that provide a step-by- 
step description of the procedures. This handbook is written to guide a consistent set of 
integrated assessments that can be applied to any region globally. A list of the key 
characteristics of an AgMIP regional integrated assessment (RIA) is provided in the next 
section. These protocols were created to guide stakeholder-oriented climate, crop and 
livestock modeling, economic modeling of farming systems, and information technology 
components of its projects, and are the regional manifestation of approaches first outlined by 
Rosenzweig et al. (2013). 


Various research teams have conducted regional assessments following AgMIP protocols 
and integrated assessment procedures, either independently or as part of AgMIP’s 
Coordinated Global and Regional Assessments (Rosenzweig et al., 2016; 
http://www.agmip.org/research/research-pillars/cgra/). This Handbook is a living document 
that is periodically updated based on what has been learned from the use and evaluation of 
the methods in prior versions. However, it is important to recognize that the procedures for 
regional integrated assessments presented here were designed for the data available to the 
AgMIP regional teams in Sub-Saharan Africa and South Asia, for implementation of two crop 
models per integrated assessment region (at least DSSAT and APSIM), and for use of one 
socio-economic model (TOA-MD) in the integrated impact assessments. We recommend 
the use of multiple crop, livestock, and economic models when feasible, based in large part 
on lessons learned in the various crop model intercomparisons (e.g., Rosenzweig et al., 
2013; Asseng et al. 2013, 2015; Martre et al., 2014; Bassu et al., 2014; Li et al., 2015; 
Fleisher et al., 2017), global gridded crop model intercomparisons (Rosenzweig et al., 2014; 
Elliott et al., 2015; Muller et al., 2017), and global economic model intercomparisons (Nelson 
et al., 2014; von Lampe et al., 2014; Wiebe et al., 2015). We envision that specific choices of 
multiple models may vary among regions, but that a core set of models should be used such 
that results can be aggregated and compared across regions. This version of the protocols 
reflects the approaches taken in Phase 2 of the AgMIP SSA and SA regional integrated 
assessments supported by the UK Department for International Development (DFID), and 
thus differ slightly from the protocols used for Phase 1 assessments (Rosenzweig and Hillel, 
2015). 


Regional integrated assessments using the AgMIP RIA methods require close coordination 
among economic, climate, and crop modelers, IT team members, and stakeholder liaisons 
within each regional research team (RRT). Many teams are also integrating livestock 
modeling into their assessments and thus this version includes new information about the 
technical approach for livestock representation. Assessments begin with regional teams 
working with stakeholders to define what outcomes are to be evaluated and then developing 
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details of the specific production systems that need to be quantified. Each RRT should 
focus on impacts related to, at minimum, food production, income, and poverty in their 
regions as influenced by changing climate, technologies, and socio-economic development; 
emphasizing important food crops and livestock systems and quantifying relevant 
uncertainties. Then a work plan should be developed by teams that will include AgMIP- 
recommended methods and procedures to accomplish integrated assessments and desired 
compatibility of outputs across regions. 


This handbook was written such that it represents a minimum approach that can be 
expanded upon in regions where available data and resources allow. The methods and core 
approach used by all interdisciplinary research teams need to be consistent in order to 
enable meta-analyses and large-scale studies, such as the Coordinated Global and 
Regional Assessments (Rosenzweig et al., 2016). Particular care must therefore be taken in 
introducing new methods and models that could potentially limit the ability of results to be 
compared beyond the immediate region. 


ii. Key Attributes of an AgMIP Regional Integrated Assessment 

- Designed with input from stakeholders, policymakers, and/or other end-users 

- Based upon production systems approach (rather than specific crops or fields) 
potentially including multiple crops, livestock, aquaculture, and other sources of income 
that may be linked with the farm household system in some economic models. 

- Transdisciplinary in its linking of climate, biophysical, and socio-economic conditions 
and responses. 

- Flexible in that its framework allows for the testing of adaptations and alternative models 
and methods within a given region. 

- Addresses core questions of climate impact on current and future production systems 
(detailed in the next section) 

- Allows evaluation of production system adaptations co-developed with regional 
stakeholders for application under current and future climate. 

- Calibrated on current production systems using available data with documentation 
sufficient to enable replication of results. 

- Examines the impact of both mean climate changes and potential interactions with 
climate variability 

- Presents results in a probabilistic manner with accounting of major uncertainties. 

- Utilizes consistent terminology across disciplines and among various AgMIP 
assessments and initiatives. 

- Uploads results to an online AgMIP database using specified formats for archival, cross- 
regional analyses, and dissemination with full attribution of data providers and 
intellectual contributions. 

- Publishes findings in peer-reviewed journals and disseminates information to 
stakeholders via direct engagement and a spectrum of media. 


iii. Stakeholder Engagement 

Stakeholder engagement in AgMIP aims at informing decision and policymaking to improve 
the conditions for farming and positive agricultural sector outcomes, enabling better farm 
management and agricultural policy under current conditions, and adaptation to future 
conditions. For this reason co-development and analyses of scenarios, interventions, and 
adaptation options across a spectrum of stakeholders (from farmers and researchers to agri- 
business and policy makers) is crucial. Enduring engagement with decision makers with 
different disciplinary backgrounds, decision domains, and affiliations is carried out by an 
interdisciplinary research team of experts in crops, livestock, economics, social science, and 
stakeholder engagement to facilitate comprehensive dialogue and iterative analyses about 
the future of farming systems. The AgMIP Guidelines for Stakeholder Engagement 
(described in tools section below) provides tips and approaches to build successful and 
sustained stakeholder relationships that further decision processes and scientific relevance. 
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While the end-goal of the AgMIP RIA is the dissemination of findings and messages to 
stakeholders, stakeholders play an important role throughout the assessment. Sustained 
engagement is vital to build trust in the approach, and stakeholder feedback also directly 
contributes to the RIA process by providing crucial inputs and prioritization for model 
simulations (Figure 1). In conducting the RIA tasks described below, teams should engage 
stakeholder for co-development and co-analysis to: 

- Clarify key questions where analysis would aid decision making, 

- Elucidate regional context, history, and development challenges, 

- Build narratives of potential change, 

- Prioritize elements of development, intervention, and adaptation for assessment, 

- Provide feedback on the validity of assumptions in scenarios and model parameters, 

- Classify strata that help interpret patterns in distributional outcomes across households, 
- Refine key messages for dissemination and engagement with wider audiences. 


Regional Integrated Assessment for Future Farms 
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Figure 1. Overview of iterative approach whereby stakeholders co-design development pathways, interventions, 
and adaptations to improve outcomes and enhance resilience given current and projected climate risks. Co- 
analysis focuses on adaptations for future farms as well as interventions for current farming systems; all in 
support of stakeholder decision contexts. 


iv. Core Climate Impact Questions 
AgMIP has identified four core research questions” that motivate research activities for 
regional integrated assessments (Figure 2): 


1) What is the sensitivity of current agricultural production systems to climate 
change? This question addresses the isolated vulnerability to climate change assuming 
that current production systems do not change. 

2) What are the benefits of intervention in current agricultural systems? This question 
addresses the benefits (e.g., economic and food security resilience) of potential intervention 
options to current agricultural systems given current climate. Results may also form a basis 
for comparison when they correspond to climate adaptations tested in Core Question 4 
below, as the proposed interventions may have a higher or reduced benefit when the climate 
changes. 

3) What are the impacts of climate change on future agricultural production systems? 
This question evaluates climate vulnerability within the future production system, which will 


? Note that previous versions of this handbook (prior to v6.0) and Antle et al., 2015, defined only three core 
questions. Core question #2, as presented here, was added, resulting in the renumbering of core question #3 
(previously #2) and core question #4 (previously #3). 
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differ fro-m the current production system due to developments in the agricultural sector not 
directly motivated by climate changes. 

4) What are the benefits of climate change adaptations? This question analyzes the 
benefit of potential adaptation options in the production system of the future, which may 
offset or capitalize on climate impacts identified in Core Question 3 above. 
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Figure 2. Overview of core climate impact questions and the production system states that will be simulated. 
Impact indicators may include crop and livestock yields, value of production, poverty, or net farm or household 
income. The current climate and production system is represented by the blue dot, while the future production of 
the system is represented in three ways: assuming that there is no climate change (black), assuming that there is 
climate change and no adaptation (red), and assuming that there is climate change and adaptation (green). The 
dashed line represents the evolution of the production system from its current state (S1) in response to 
development in the agricultural sector that is not directly motivated by climate change (arriving at S2). To 
understand the sensitivity of the current production system to anticipated changes, production in the current 
period is also estimated responding to an instantaneous climate change (orange) or using proposed adaptation 
strategies under present climate (pink). Six combinations of simulations, each represented by a colored dot (see 
Table 1), are needed to address the four core questions (see Table 2). 


time 


As each question is designed to allow a comparison between two different production 
system states, Table 1 describes the key climate, crop, livestock, and economic modeling 
components that will describe and compare these states, and Table 2 describes the 
comparisons corresponding to each core question. 


Table 1. Overview of crop/livestock model simulations needed to represent the systems of interest for the four 
core questions, along with the climate, agricultural pathway, and adaptation that characterizes each simulation. 
Note that the agricultural system (colored dot) for each simulation corresponds to the diagram of core questions 
in Figure 2, and for this table the future period is recommended to be the Mid-Century (2040-2069). 
Note: Additional climate scenarios and crop/livestock configurations may be needed for each RAP 
(Representative Agricultural Pathway). 


System Crop / Driving Climate Crop/Livestock Major Climate 
Livestock (# scenarios Management Adaptation 
Simulation passed to configuration 
Economic Model 
Analysis) 


CM1 Current (1) Current None 


CM2 AClimate (5) Current None 


CM3 Current (1) Current Adaptation 


CM4 Current (1) Future (RAP) None 


CM5 AClimate (5) Future (RAP) None 


CM6 AClimate (5) Future (RAP) Adaptation 
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Table 2. Overview of economic model simulations corresponding to the four core questions for AgMIP RIA. 
Each economic simulation set contrasts two systems (represented by colored dots as in Figure 2 and Table 1) to 
evaluate the economic impacts of potential changes in the agricultural system. 
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v. Key Regional Team Outputs 

A number of outputs are anticipated from the sum of RRT activities described in this 
Handbook. This list of anticipated activities is intended to be used for RRT planning, and 
thus specific outputs and methods are provided in the material that follows. In addition, there 
are several overarching outputs that should be targeted by each RRT. These overarching 
outputs are summarized below, along with questions that help motivate the construction of 
these outputs. 


a. A network of sites where multiple crop and livestock models have been 
calibrated using locally representative management, soils, cultivars, animal 
breeds, and climate (including at economic survey locations) to simulate 
food production regions that are important for regional food security, with 
analysis of calibration uncertainties. Key questions include: 

e Which important farm systems, crops, and agricultural sub-regions are to be 
targeted for simulating regional food security? 

e What data are available for calibration of crop and livestock models and to 
estimate parameters for the economic model? 

e How do crops respond to applied levels of fertilizer nitrogen? 

e How do livestock respond to variability in the feed composition resulting from 
climate variability? 

e What adaptation measures should be analyzed in the study? 


b. A set of Representative Agricultural Pathways (RAPs) for each region for 
use in analyses of regional climate impacts and adaptation. Key questions 
include: 

e What RAP narrative(s) best describe the future world that the analyst wants to 
characterize? 

e What output variables from global economic models and analyses are key 
drivers of agricultural trends in the region (e.g., commodity prices, population 
growth and GDP growth from Shared Socio-economic Pathways, and global 
representative agricultural pathways)? 

e What key regional variables are likely to be affected by the higher level drivers 
(policy, socioeconomic, and technology)? 

e What quantitative trends in each of the variables (including fertilizer, improved 
cultivars and breeds, improved management, forage availability, farm size, etc.) 
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are needed to parameterize agricultural models (crop, livestock, and economic) 
for the regional integrated assessment of future production systems? 


c. Characterization of historical agro-climate, sensitivity to climate shifts, and 
climate change scenarios downscaled for use at the regional scale. Key 
questions include: 
How is climate currently changing in the region? 
What are the most important climate factors that impact a given farm or region? 
Do climate models reasonably capture these climate factors? 
What types of climate changes are projected to impact the region in the future 
and how certain are these projections? 

e What are the vulnerabilities of crops and livestock to current and future climate 
variability, and what are the sensitivities of the multiple crop models to climate 
changes in temperature, COz, and rainfall? 

e Where are agro-climatic impacts likely to be most acute? 


d. Assessment of economic impacts and vulnerability for a subset of 
agricultural regions under future climate change, adaptation and socio- 
economic scenarios. Key questions include: 

e How will climate change affect the distribution of production, income, and 
poverty in the farming systems of a given region if adaptations do not occur? 

e What are the projected adoption rates of climate-adapted systems? How will 
various adaptations affect the impacts of climate change? How will alternative 
future socio-economic scenarios affect the impacts of climate change? 

e How do uncertainties in key economic parameters affect the projected climate 
change impacts? 


e. Adaptation packages including agronomic, animal husbandry, economic, 
and policy adaptations that improve outcomes under current and future 
conditions. 

Key questions include: 

e What farm-level management adaptations would be beneficial under current 
and future climate conditions? 

e What changes to the production system would increase resilience under 
present climate variability and future climate challenges? 

e What policy shifts or socio-economic trends would build farm resilience? 

e How can these adaptations be represented consistently in crop, livestock, and 
economic models? 


f. Documentation for communication to the scientific community and to 
stakeholders. This includes linkages into the AgMIP Impacts Explorer, web 
sites, databases, scientific publications, and reports that have been 
communicated to stakeholders. 


vi. AgMIP Standardized Formats and Tools 

To ensure consistency in the archival and translation of data and results from AgMIP 
integrated assessment regions, several resources, tools, and standardized data formats 
have been created that will be referenced in the activities below. These standardized 
formats also ensure compatibility with stand-alone and web-based tools that will facilitate the 
execution of research activities and the dissemination of integrated assessment results. 


Stakeholder Tools 
- AgMIP Guide for Stakeholder Engagement — Provides recommended approaches 
and tips for sustained stakeholder engagement by regional research teams for 
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agricultural assessments and applications in support of stakeholder decision processes. 
These guidelines form a basis with the understanding that RRTs will adapt and tailor to 
local stakeholder interests, motivations, decision contexts, and personalities. 


Climate Tools 


-AgMIP climate data format — Standardized format for climate series at a single 
location, featuring daily climate data and variables needed for crop modeling. These are 
described in Ruane et al. (2015a). 

Guide for Running AgMIP Climate Scenario Generation Tools with R — This “AgMIP 
Climate Scenarios Guidebook” describes how to access the data and suite of scripts 
required to produce AgMIP climate scenarios using the AgMIP methodologies, using 
-AgMIP-formatted climate data for both inputs and outputs. This guide is available at 
http:/Awww.agmip.org/wp-content/uploads/2013/10/Guide-for-Running-AgMIP-Climate- 
Scenario-Generation-with-R-v2.3.pdf, or as Hudson and Ruane (2015). 

AgMIP Historical Bias Correction and Gap Filling Worksheet — Fills in gaps in 
historical station observations using bias-corrected AgMERRA gridded climate data. 
Worksheet and Instructional Guide are available at: www.agmip.org/climate-team 


Agroclimatic Sensitivity Tools 


C3MP Protocols — The Coordinated Climate-Crop Modeling Project (C3MP; Ruane et 
al., 2014; McDermid et al., 2015) has established a set of standardized sensitivity tests 
of crop and livestock models response to carbon dioxide, temperature, and water 
changes. These sensitivity tests have been conducted on 1100+ simulation sets within 
C3MP, allowing local responses to be compared against a broad array of sites, agro- 
ecological zones, and crop models. Protocols may be downloaded at 
www.agmip.org/c3mp-downloads. 

CTWN Batch DOME file — This generates multi-model simulation files for evaluating 
response to changes in [CO,], temperature, rainfall, and N fertilization levels. The 
CTWN Batch DOME uses QuadUI with a given single survey farm setup, the field 
overlay, and a seasonal strategy file to allow simulation using 30-year current climate 
data. The results from 32 simulations (each at 30 years of weather) are visualized with 
the AgView Tool which matches up the results from the two crop models, thus allowing 
a good visualization of response curves with box-and-whiskers showing how the crop 
models differ in response to these four factors. 


Crop and Livestock Tools 


AgMIP Crop Experiment (ACE) harmonized data format provides an efficient storage 
and transfer protocol for site-based crop experiment (e.g., calibration data) and farm 
survey data. Crop modeling data can be translated from raw formats to ACE and from 
ACE to crop model-ready formats using the QuadUI desktop utility. These data are 
archived in ACE format on the online Crop Site Database which can be accessed 
through the AgMIP Data Interchange (https://data.agmip.org). 

Data Overlay for Multi-model Export (DOME) refers to field overlays and seasonal 
strategies. Field overlay DOMEs contain information related to field conditions which 
were not recorded at the survey sites, but are needed for crop modeling exercises (e.g., 
plant population, initial soil water content). These data are estimated based on the best 
agronomic knowledge of cultural practices and environmental conditions in the region. 
Seasonal Strategy DOMEs contain baseline and future management and climate inputs 
which are used to modify existing site data for analysis of hypothetical scenarios. Each 
DOME dataset will be linked to one or more survey sites. These data are archived in the 
DOME online database through the AgMIP Data Interchange (https://data.agmip.org). 
AgMIP Crop Model Output (ACMO) data are the harmonized outputs from AgMIP 
ensemble crop model simulations. ACMO data are linked to both ACE and DOME data. 
These data are archived in the ACMO online database through the AgMIP Data 
Interchange (https://data.agmip.org). 

User’s Guide to Crop Model Simulations for Regional Integrated Assessments — 
contains complete guidelines and crop modeling advice relative to entering experimental 
and farm survey yield data into the ACE template, use of DOME files to input standard 
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assumptions, creation of model-ready files, running of the multiple crop models, and 
storage of output into ACMO files 
(http://research.agmip.org/display/cropmodelingwiki/User%27s+Guidet+for+Crop+Model 
+Simulations+for+|Integrated+Assessments) 

User’s Guide to Livestock Model Simulations for Regional Integrated 
Assessments — contains guidelines and advice related to creating livestock model input 
files, running the livestock model LivSim, and consulting and exporting model output for 
further analysis. 


Economics Tools 


Economic model input and output archives — This repository will store input and 
output data for the economic models. Each file will be associated with one or more 
ACMO datasets via the metadata. Data are accessible through the AgMIP Data 
Interchange (https://data.agmip.org). 

TOA-MD Model Software and Apps — many AgMIP RRTs in Africa and South Asia, 
and in other regions, are using the TOA-MD model to implement RIAs. Information 
about the TOA-MD model and the model software are available at 
http://tradeoffs.oregonstate.edu. Three application tools were developed to be used with 
TOA-MD to develop Representative Agricultural Pathways and climate adaptations, and 
to estimate TOA-MD model parameters. 

o DevRAP - Provides a structure to guide the process to develop Representative 
Agricultural Pathways (RAPs), to record and document the information 
systematically, and to translate RAPs into model-specific scenarios. The 
DevRAP v1.0 provides a structured format for the parameters needed to run the 
TOA-MD model as well as crop models. 

o DevAdapt-— An Excel worksheet that provides a structure to guide the 
development of adaptation packages. 

o TOA-Parm - An Excel worksheet that is used to using outputs of crop and 
livestock models, price and productivity data from global integrated assessment 
models, and farm survey data, to estimate TOA-MD model parameters. 


IT Tools 


AgMIP ftp site — An ftp site has been established to archive data for review or 
processing prior to upload to the AgMIP Data Interchange databases. This ftp site can 
be accessed at ftp://data.agmip.org using the usernames and passwords assigned to 
each team. 

Data Journal — will be used to publish and permanently archive datasets which are 
complete and form the basis of journal articles, web visualizations, or other references. 
These published datasets will be assigned a DOI and can be cited with credit given to 
data authors, as in any other published work (http://library.wur.nl/ojs/index.php/odjar/). 
FACE-IT — An online workflow system which allows the intensive computations required 
for the RIA system to be performed using chains of applications, deployed on a cloud- 
server. This system, FACE-IT (Framework to Advance Climate, Economic and Impact 
Investigations with Information Technology) provides an alternative to using the AgMIP 
desktop utilities for data translation and allows simulations using DSSAT and APSIM for 
complex workflows, including multiple climate scenarios, sensitivity analyses, and 
adaptation scenarios. Procedures for using this system are not covered herein, but 
interested users are encouraged to learn more at www.learnfaceit.org. 

The AgMIP Impacts Explorer — Web-based tool designed to present AgMIP findings to 
a variety of stakeholders. Visitors are able to explore a spatial dashboard containing 
results from AgMIP regional integrated assessments all over the world, pages 
containing main findings and key messages, and a data exploration tool that allows 
analysis of additional detail and illustrative comparisons within the results archive. The 
Impacts Explorer is built upon routines that draw harmonized AgMIP outputs, metadata, 
and analysis from an AgMIP Data Interchange. 

AgMIP Research Site — This site contains information of interest to AgMIP researchers 
including wikis, discussion forums and document sharing. The site was set up for the 
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research teams to contain technical documentation regarding AgMIP research methods 
(http://research.agmip.org/display/research/Welcome+to+AgMIP+Research). 
- AgMIP Toolshed — Clearing house for AgMIP data, climate, and analysis tools. 


http://tools.agmip.org/ 


vii. Guidelines for Activities for AgMIP Regional Research Teams 

A list of characteristic activities for AgMIP Regional Projects includes 14 categories of 
activities along with methods that integrate across climate, crop modeling, livestock 
modeling, economics, and IT teams. These are listed in Table 3 and presented in the 
sections below. Figure 3 shows a schematic of the overall components of the integrated 
assessment process and their relationship to global scenarios. Because of the importance of 
close collaboration among different disciplines (climate, crop, economic, livestock, 
information technologies, stakeholders), regional teams may want to define a subset of the 
overall analysis to make sure that all team members learn how to best interact with other 
team members to achieve the overall results. Figure 4 therefore presents research tasks as 
organized by discipline, highlighting information flows. Here, we present the overall activities 
needed to perform the entire integrated assessment. Full documentation of steps and 
procedures are provided in the sections below, with additional detail provided in the 
Appendices. In particular, Appendix 1 presents a useful perspective on the RIA approach’s 
emphasis on orientating research around supporting stakeholder decisions through a 
combination of input/output flows and foundational analyses that build context and credibility. 
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Table 3. Overview of tasks necessary to complete and disseminate regional integrated assessment. The section 
describing protocols for each task is also identified, as well as the disciplinary team primarily responsible for 
execution of each task (also marked by color). Sections are organized in approximate work flow order, however 


Section Task 


Team Responsible 
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work may begin on many tasks without waiting for previous tasks to be completed. 


Scoping of production systems and 

1 developing/refining research work plan for All, led by PI and Stakeholder 
stakeholder-oriented regional integrated Liaison 
assessment 
Develop Representative Agricultural Pathways AL led by Eaanonie Tem ani 

2 (RAPs) for use in regional analysis of climate facilitated by Stakeholder Lisi 
impact and adaptation acilitate y stakenolder Liaison 

: F ; Crop, Livestock, and Economic 

3 Develop system adaptations for use in regional -l 1 

analysis of climate impact and adaptation. Teams led bye ang eel tated 
by stakeholder Liaison 
Assemble existing data from experiments and 

4 calibrate crop models for regionally-relevant Crop Modeling Team 
cultivars 

5 Assemble existing data and calibrate livestock livestocic Modeline Team 
models for regionally-relevant livestock breeds 8 
Assemble survey data and simulate using crop 

7 models for analysis of yield variations for current | Crop Modeling Team 
climate and current production system (CMO) 

8 Analyze Carbon-Temperature-Water-Nitrogen Crop/Livestock Modeling and 
(CTWN) responses Climate Scenarios Teams 
Assemble farm-survey livestock data and 

9 compare with livestock model outputs for Livestock Modeling Team 
analysis of livestock productivity variations 
Assemble economic data for regional economic 

10 analysis and develop skills for using the regional | Economic Team 
economic model 

12 Conduct multiple crop/livestock model Crop and Livestock Modeling 
simulations Teams 
Analyze regional economic impacts of climate 

13 change without and with interventions and Economic Team 
adaptation using the regional economic model 

44 Archive data and analyses results for integrated | All, led by Information 
assessments Technology Team 

15 Disseminate integrated assessment results fia py clherithy Stakeholder 
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Figure 3. AgMIP Regional IA Framework: Parallel development of system design, data and modeling to couple 
crop & livestock models with TOA-MD, including input from and outputs to stakeholders. 
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Stakeholder Engagement 


Economic Modeling Crop and Livestock Modeling Climate Scenarios 


— 
== 


— 


Information Technology 


T Stuer, 


Figure 4. Overview of RIA tasks (as also summarized in Table 3), organized by discipline and information flow to 
show relationship between teams and the overall plan for multi-team activities orchestrated by project leadership. 
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Task Protocols for AgMIP Regional Integrated Assessments 


1. Scoping of production systems and developing/refining research work plan for 
stakeholder-oriented regional integrated assessment. 

The overall outputs from this set of activities is a report describing the region, crops and 
livestock system components selected for explicit modeling, characteristics of the broader 
agricultural systems, the availability of data (climate, crop, soil, livestock, and socio- 
economic), the questions driving stakeholder decision-making, and their most pressing 
needs for agricultural information. Suggested components of this phase of the projects are 
as follows. 


a. Review key project objectives, develop or refine research questions, 
determine relevant stakeholders and policymakers, and assign team roles. 


b. Engage Stakeholders to determine their perspective of the current context of 
agricultural development, investment, challenges, policy development, 
opportunities, and pressing needs. Stakeholders play a key and recurring role in 
AgMIP regional integrated assessments, helping to co-develop and co-analyze 
representative agricultural pathways and adaptation packages and their effects 
on rural households and agricultural systems. Stakeholder engagement is 
enriched by the inclusion of stakeholders from a range of spatial scales (local, 
district, national, regional, and international) and those occupying a variety of 
leverage points in the agricultural sector (farm, inputs, markets, trade, policy, 
development, relief). 


c. Define key production systems to be studied in consultation with stakeholders, 
identify how they influence food security in the region, and identify current 
questions and ongoing considerations for long-term planning and investment. 
Select crops and livestock that will be explicitly modeled in the study, other 
important components of the production system that must also be represented 
(e.g., rangelands for livestock grazing), and important sub regions that will be 
modeled in the study (Figure 5). 
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System Diagram 


lil, 


Household 


Farm 
Manure 


Commercial 
Fertilizer 


T Livestock 
Figure 5. Example diagram describing the major elements and interactions of a production system. 
Additional factors may include household labor, off-farm income, and market linkages. 


d. Select (multiple) crop models that will be used, keeping in mind that the aim 
is to use at least the DSSAT and APSIM cropping system models across all 
regions. Assess the level of experience among team members with the selected 
models and identify additional capacity building needs. 


e. Select (multiple) livestock models that will be used, with the aim to use at 
least LivSim across the regions. Potentially a rangeland production model could 
be included as well (e.g. SAVANNA). Assess the level of experience among team 
members with the selected models and identify additional capacity building 
needs. 


f. Build capacity in the team of economists to use the Tradeoff Analysis 
Model for Multi-Dimensional Impact Assessment Model (TOA-MD), the 
economic model that has been used in prior regional efforts, or equivalent 
regional economic model(s). Identify project team members who will work with 
the regional economic model. Evaluate regional economic model capacity- 
building needs and team members in the RRTs who would participate in 
trainings. 


g. Produce a work plan that includes responsible persons, activities, time 
lines, and maps of regions showing administrative boundaries, regions that will 
be studied, and points showing where climate and crop data are available. The 
report will include specifics of the information obtained in the above points, 
including the plan for stakeholder engagement. 
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h. Decide on relevant metadata which will describe the various analyses. These 
metadata must be consistent throughout the simulation workflow, from climate to 
crop and livestock modeling to economic modeling. The metadata that define a 
particular simulation include the following: 

e REG_ID — region identifier (required for all Crop and Economic analyses) 

e CLIM_ID — climate identifier (using codes described in Ruane and 
Hudson, 2016, required for all Climate, Crop and Economic analysis 

e RAP_ID — RAP identifier (required for Crop Simulations CM4-CM6 and 
Economic analyses Q3-Q4) 

e MAN_ID — management (or adaptation) identifier (required for adaptation 
analyses, Crop Simulations CM3 and CM6, and Economic analyses Q2 
and Q4). 

e Crop_Model or Livestock_Model — short name for models used to 
generate analyses (e.g., DSSAT, APSIM, LIVSIM) 

e Stratum — socioeconomic, geographic or other population category 
(optional) 
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2. Develop Representative Agricultural Pathways (RAPs) for use in regional analysis 
of climate impact and adaptation. 


RAPs (Valdivia et al., 2015) provide an overall narrative description of a plausible future 
development pathway, and also contain key variables with qualitative storylines and 
quantitative trends, consistent with higher-level pathways (e.g. SSPs, global RAPs 
developed by the AgMIP Global Modeling Group), see Box 1, Box 2, and Figure 5. Prices, 
policy and productivity trends should be consistent with the higher-level RAPs or scenarios 
that are available (SSPs, global RAPs, CCAFS regional scenarios). RAPs are translated into 
one or more scenarios (parameterizations) for the TOA-MD model and crop and livestock 
models. These RAPs represent a set of technology and management changes that will 
occur over time independent of climate change. These scenarios, developed for specific 
RAPs, will typically include changes in the types of crops or livestock produced and the way 
they are managed (e.g., use of fertilizers and improved crop cultivars). 


Procedures for RAPs development are based on a step-wise process as shown in Box 1, 
with input from all components (climate, crop, livestock, economic) of the AgMIP Regional 
Team. Outside experts may need to be consulted if there is an important area of expertise 
not represented within the team. Stakeholder feedback is incorporated into RAPs, as 
described below. 
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Box 1. Overview of Step-wise Process for RAPs Development 


1. A multi-disciplinary team of scientists and other experts is established. 
= Team members need to have knowledge of the agricultural systems and regions to be covered 

2. The team reviews general goals and define the time period for analysis and selected higher-level 
pathways (Shared Socio-economic Pathways, Global RAPs) to follow the nested approach (Figure 6) 

3. Main drivers from higher level pathways are identified (and quantified if possible, e.g. outputs from 
global models) 

4. Based on drivers and specific agricultural systems, a draft of a title and a short narrative of a RAP is 
constructed 

5. Based on the draft narrative, the team identifies key parameters that will likely be affected by driving 
forces 

6. The team draft storylines for each one of the parameters (see Figure 7) 

7. The team checks for consistency within the RAP components and with higher level pathways and 
models’ outputs 

8. Based on consistency check, agreement and confidence levels among team participants, steps 4 -7 
are repeated until an acceptable draft of consistent storylines and levels of agreement and confidence 
are achieved. 

9. The team identifies parameters that will need additional revision (expert opinion, modeled data, etc.) or 
that will likely be subject to sensitivity analysis. 

10. The team elaborates full RAP narrative 

11. The RAP narrative is documented and distributed to other experts, scientists and key stakeholders for 
comments. 

= Aworkshop is organized to discuss the RAP narratives with key stakeholders and obtain their 
feedback. 

12. The final RAPs are distributed to the modeling teams for parameters quantification (for crop and 

economic models) and scenario development 
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Drivers 
Consistency 


Regional RAPs 


Crop, livestock, economic 
and other model inputs and 
parameters 


Figure 6. Developing RAPs and Scenarios: Use of a nested approach to assure consistency 
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D input subsidies wants to offset productivity subsidies at slow 
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M 4» h| Instructions __DevRAP Matrix ASCITES ASCENTROPSHI Ki 
Figure 7. Screenshot of the DevRAP tool v1.0 
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Building the RAP narratives and quantitative trends. In this section we outline the 
steps to build RAPs narratives for AgMIP’s regional teams. RRTs should use the 
DevRAP tool (See Figure 6) to develop and document RAPs (Valdivia and Antle 


2015). 


1) Identify members of the RAPs development team. Key members of the research 
team representing climate, crops & livestock, and economics. Outside members 
may be solicited if additional expertise is needed. 

2) Define time period for analysis: AgMIP has designated four “time slices” analysis, 
current, near-term (2010-2039), mid-century (2040-2069) and end-of-Century 
(2070-2099). Primary focus is placed on the mid-century period. 

3) Select higher-level pathways: Following the concept of a nested approach, relevant 
narratives and quantitative information from selected higher level pathways (e.g. 
SSPs, Global RAPs) need to be extracted. AgMIP regional teams are 
recommended to begin using SSP2 (see Box 2 for a summary description). 

4) RAPs research process: 


a. First meeting: 


- Start with a “Business as usual” (BAU) RAP 

- Team members identify key parameters that will likely be affected by 
higher level pathways and draft RAP narrative 

- Team members are assigned variables for research 

- Team members conduct research —use of templates for reporting and 
supporting documentation. These templates can be distributed to 
experts for feedback 

b. Second meeting: 

- Team members report findings and discuss storylines for each 
variable 

- BAU RAP is finalized using the DevRAP tool and complete the 
following information: 


O° 


[0] 
lel 
O 


O O 


O° 


Complete information for each parameter: 

Direction, magnitude & rate of change 

Narrative logic for changes 

Check for internal consistence and with higher-level pathways 
and models’ variables 

Level of agreement among participants 

Level of confidence among participants 

If level of agreement and/or confidence are low, repeat 
process until acceptable levels are achieved. 

Assess whether one or more parameters need to be revised 
by other experts or selected for sensitivity analysis. 
Document source of information (pathway, model, literature, 
expert). 


- Additional RAPs are identified 
- Process similar to BAU is carried out with additional background 
research 
c. Meeting or workshop to present and distribute RAPs to stakeholders and 
outside experts to obtain their feedback. 
d. Meeting(s) to create additional RAPs —Follow similar steps as in a, b and c. 
5) Modelers develop Scenarios (see section below) 
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Box 2. Shared Socioeconomic Pathway #2 (SSP2) Summary: Middle of the Road 


In this world, trends typical of recent decades continue, with some progress towards achieving development 
goals, reductions in resource and energy intensity at historic rates, and slowly decreasing fossil fuel 
dependency. Development of low-income countries proceeds unevenly, with some countries making 
relatively good progress while others are left behind. Most economies are politically stable with partially 
functioning and globally connected markets. A limited number of comparatively weak global institutions exist. 
Per-capita income levels grow at a medium pace on the global average, with slowly converging income levels 
between developing and industrialized countries. Intra-regional income distributions improve slightly with 
increasing national income, but disparities remain high in some regions. Educational investments are not high 
enough to rapidly slow population growth, particularly in low-income countries. Achievement of the 
Millennium Development Goals is delayed by several decades, leaving populations without access to safe 
water, improved sanitation, and medical care. Similarly, there is only intermediate success in addressing air 
pollution or improving energy access for the poor as well as other factors that reduce vulnerability to climate 
and other global changes. 


Source: O’Neill et al. (2012). 


b. Quantifying economic model parameters. RAP narratives are used to construct 
parameter sets for crop, livestock, and economic models, including the TOA-MD. Here 
we discuss creating parameters for TOA-MD using the DevRAP tool; research teams 
can create other parameter sheets for other models they may be using. The sheet 
SCEN_STi (where i=strata 1,2...) in the DevRAP tool is designed to create and 
document scenarios for the TOA-MD model. One or more scenarios can be 
constructed for each RAP as follows: 

1) Create name and short narrative to describe the scenario: It is important to 
document the key characteristics of the scenario, thus the narrative and scenario 
name must contain elements to understand what the scenario is about. 

2) Identify model parameters: The DevRAP tool includes the list of parameters used 
in the TOA-MD. The team will identify the parameters that will be quantified for the 
specific scenario. 

3) Quantify each parameter: use RAP information to assign a value to each 
parameter. Data for these parameters can be obtained from the literature, modeled 
or from expert judgment, and these need to be documented. 


c. Quantifying management and technology parameters for crop models. Similar to 
the economic model parameterization process, the team will use the SCEN_CROPSM 
sheet in the DevRAP tool to quantify specific crop model parameters/inputs (fertilizer 
level, sowing density, improved cultivars, etc.) based on the RAP narratives and 
scenario details (e.g., RAPs packages). 
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3. Develop system adaptations for use in regional analysis of climate impact and 
adaptation. 


Adaptations are designed by RRTs in collaboration with stakeholders. A devAdapt tool is 
available to assist the design and document adaptations. Each adaptation will be run with 
climate and socio-economic scenarios according to core questions 2 and 4. A process 
similar to RAPs development is recommended, to identify technically and economically 
feasible adaptations that would be likely to improve system performance in the future world 
with climate change. 


Key features of adaptations: 

1. Adaptation packages in core question 2 are changes in the production system under 
the current climate (no climate change) 

2. Adaptation packages in core question 4 are changes in the future production system 
(as characterized through RAPs) that would be developed and used in response to 
climate change. 

3. Adaptation packages are not specific to RAPs: Any adaptation package can be 
analyzed under any RAP. 


Development of Adaptation packages 

An adaptation package can have elements that change within and/or between systems. 
These can include economic or policy elements in addition to agronomic elements. For 
example: 


Within-system adaptations: 
- Management changes for crop models 
o Crop varieties, fertilizer, plant density, others. 
- Management changes for livestock models 
o Breeds, feeding strategy, others. 
o Different species, etc. 
- Changes in resource (land) allocation among activities 


Between-system adaptations: 
- Change crops or livestock 


Economic adaptations: 

- Both with- and between-system adaptations above can be motivated by economic 
considerations, especially between-system when there are large changes in 
productivity or prices due to climate change. 

- Land allocation within system 

-  Off-farm labor, off-farm income from non-ag sources as a result of a specific policy 
aimed at offset climate change impacts. (Note: these should not be confused with the 
RAPs parameters that are climate independent). 


Adaptation/intervention consistency across core questions 2 and 4 and RAPs 

As mentioned above adaptation packages are distinct from RAPs — recall, RAPs define 
future socio-economic conditions that could occur with or without climate change, whereas 
adaptations are changes in production systems designed to improve performance under the 
changed climate. Also note that the system changes (interventions) analyzed for Core 
Question 2 (current climate) may be different from those analyzed under Core Question 4 
(future climate); however it is useful to have some consistency in the types of adaptations 
that are being analyzed for the two questions. Adaptations should be designed with 
elements that could potentially be analyzed under different worlds (current or future), but 
could take on different values under current world and future world conditions. 
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Table 4 provides an example. The table shows the current world, and two RAPS (4 and 5) 
that characterize two future worlds (i.e., RAP4 and RAPS). In this example we assume that 
the team has developed 3 adaptation packages. Adaptation package 1 is based on 
changing planting dates and cultivars, adaptation package 2 is based on planting density, 
fertilizer use and change in livestock breeds, and adaptation package 3 is based on 
changing the production system (e.g., adding new crops) accompanied by a climate change 
policy intervention. We could potentially analyze the three adaptation packages under both 
current and future worlds. However the configuration (or parameter values) for the specific 
adaptation elements might be different in each ‘world’ (see the examples in the table). Note 
that there may be combinations that might not be possible. 


There may be a tendency for RRTs to focus on marginal within-system agronomic 
management adaptations. To get beyond this type of analysis, RRTs could strive to include 
at least one agronomic adaptation, one economic adaptation on farm adaptation, and one 
policy intervention that could facilitate implementation. When multi-dimensional adaptation 
packages are analyzed, it will be important to evaluate each component's contribution to the 
performance of the system as well as combinations of those components, to facilitate 
understanding of the role each plays. 


Table 4. Adaptation consistency across current and future worlds. Note: Adaptation packages and elements 
shown in this figure are for illustration purposes only 


Adaptation 1 Adaptation 2 Adaptation 3 


Planting density= +20% 


Planting date=-30 days Fertilizer use=+50% 
Current Wo rid Cultivar = improved Improved livestock=+100% Not possible 
(Analyzed in CQ2) (Analyzed in CQ2) (Analyzed in CQ2) 
RAE 4: Planting date=-45 days Planting density= +10% Change subsistence crops 
Sustainable Low Cultivar = improved Fertilizer use=+25% with cash crops 
Improved livestock=+100% Policy: fertilizer subsidy 
Growth 
(Future World) (Analyzed in Q4) (Analyzed in CQ4) (Analyzed in CQ4) 
RAPS: Change subsistence crops 
2 5 ? Planting date=-45 days Planting density= +50% with cash crops 
Unsustainable High Cultivar = improved Fertilizer use=+100% Policy: fertilizer subsidy, 
drought tolerant Improved livestock=+200% increase off farm labor 


Growth 
(Future World) 


opportunities 


(Analyzed in Q4) (Analyzed in Q4) (Analyzed in Q4) 
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4. Assemble existing data from sentinel sites and calibrate crop models for 
regionally-relevant cultivars and soils. 


The target outputs from this set of activities are high quality data that are entered into the 
AgMIP Crop Site Database and used for calibration of multiple crop models for selected 
sites. The data and model simulations will provide scientific evidence that the models are 
adapted to the crops and environmental conditions in the region and have cultivar 
characteristics/parameters that can be used to simulate the crops that are to be studied in 
the region. This is what is typically done in crop modeling training programs and in research 
projects. It is likely that the RRTs already have accomplished this for some subset of crops 
and crop models to be used in the studies. This activity is intended to document those data 
and past efforts, bring together new data, and ensure that the models to be used have gone 
through this phase of work. It is anticipated that there will be relatively few site-years with 
data for any of the selected crops, but those data will be archived in the Crop Site Database 
and used to calibrate cultivars and improve the adaptation of crop models for the regions. 
Suggested components of this activity are as follows. 


a. Assemble data from past experiments for calibration of regionally-relevant 
cultivars for selected crop models for selected crops. This includes crop, soil, and 
climate data for site-specific experiments and field trials in the region. This will 
require input from agronomists, crop modelers, climate, and IT project team 
members. 


b. Input data into Excel data templates for use by multiple crop models. 


c. Using the AgMIP IT tools, translate data to model ready input files for each 
crop model. QuadUI and ADA are used to convert data from Excel to csv (comma- 
delimited) to ACE to the specific formats needed by multiple crop models. 


d. Using methods provided by each crop modeling group (e.g., DSSAT, APSIM, 
perhaps others), simulate the sentinel site experiments and estimate cultivar- 
specific parameters to best simulate the experimental results. These results will help 
set cultivar characteristics and perhaps soil conditions for regional simulations to be 
carried out by the teams (see below). 


e. Secondary focus will be estimation of productivity parameters, relative to 
initial conditions, crop residue, soil organic matter pools, and soil fertility for the site- 
specific sentinel data. (NOTE: these steps will be repeated for the household survey 
and regional simulations where site-specific information is not available.) 


f. Document model simulations (site data, management, observations, outputs, 
soil, climate, cultivar coefficients) by placing them in the Crop Site Database, along 
with explanatory text and appropriate tables and figures showing the quality of the 
calibration of cultivar coefficients. 
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5. Assemble existing data and calibrate livestock models for regionally-relevant 
livestock breeds. 

The target outputs from this set of activities are high quality data that can be used for 
calibration of livestock (and rangeland production) models for selected sites. The data and 
model simulations will provide scientific evidence that the models have (i) breed parameters 
that allow simulating the common animal breeds of the region, and (ii) feed quantity and 
quality input data that characterize the on-farm and off-farm (rangeland) fodder production of 
the region. 


This activity is intended to compile existing data and past efforts, identify gaps and collect 
the necessary new data, and ensure that the models have been properly calibrated. 


The necessary data falls into four broad categories (with indication of potential data sources 
in italics). Data (including metadata) will be stored in an AgMIP database. 


a. Feed trial data, in which body weight, calving rate, milk production and feed input 
(quantity and quality of feed that was offered to the animals) is recorded 


(Experimental data from existing databases, reports, publications). 


b. Information on feeding practices by farmers and the average feed calendar and feed 
availability in the area of interest. The following questions should be answered for this 
aspect 


i. In which months do farmers feed crop residues, forages, etc., from which 
crops, and to which types of animals? 

ii. In which months are the herds relying on rangelands (100% or to a certain 
degree), and does that differ between different animals? 


(Data from household surveys, focus group discussions, expert consultations) 
c. Information on rangeland biomass productivity in relation to climatic variability 


(Data from biomass productivity assessments, remote sensing analyses, from 
databases, reports, publications) 


d. Information on the feed quality of the different feed sources (forages, crop residues, 
concentrates, and rangeland) over time (as this varies in the different seasons). 
Minimum feed quality information requirements include dry matter content, dry matter 
digestibility, crude protein content, and metabolizable energy. 


(Data from laboratory analyses assessments, remote sensing analyses, from databases, 
reports, publications) 


Model calibration will be conducted by estimating the breed specific parameters that result in 
the closest simulation of important livestock performance indicators such as body weight, 
calving rate, and milk production. Sensitivity analysis for a number of animal breed and feed 
input parameters will add confidence that the obtained parameter values are acceptable and 
result in reasonable model predictions for the region. 


Proper documentation of the sensitivity and calibration exercises should include explanatory 
text, appropriate model performance statistics, and tables and figures showing the quality of 
the calibration. 
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6. Assemble and quality-control current climate series. 

The key products from this activity will be a high-quality version of in-situ climate 
observations in .AgMIP format for each location where crop models will be used, a file 
documenting the changes made to the original raw observations, and summary maps and 
statistics characterizing the region being analyzed. It is crucial that this current period 
climate series be used for crop calibration and as the basis for future climate changes, 
assuring that the only difference between current and future climates are the changes 
imposed by climate change as opposed to any biases that would result by using differing 
current period climate datasets. The following methods, which build upon those introduced 
in Ruane et al. (2015a), are recommended: 


a. Assemble and assess quality of station observations. 

e Identify weather stations that best represent selected crop modeling regions. 

e Obtain as much of the 1980-2010 period as possible (Daily precipitation, 
maximum and minimum temperatures, solar radiation or sunshine duration, 
wind speed, dew point temperature, vapor pressure, and relative humidity). 

e Convert to .AgMIP units and format with missing data given a value of -99. The 
AgMIP format is described in Ruane et al., 2015a. 

e Name the climate series site with a 4-character code (first 2 characters from 
internet country code and second 2 characters representing location) following 
the guidelines in Ruane et al., 2015a (e.g. “NLHA’” for Haarweg, Netherlands). 

e Begin a text file to document changes made in the quality assessment and 
quality control of the raw files (e.g., “NLHA.info”). 

e Identify outlying (+/- 3 standard deviations probably deserves a closer look) and 
questionable data that may be corrupted. The best approach remains plotting 
out the dataset elements as time series to see if anything looks amiss. 

e Check to see if data are plausible physically (e.g., questionable value 
supported by other variables), temporally (e.g., questionable value supported 
by preceding or following values), or spatially (e.g., questionable value 
supported by neighboring stations). If values are not plausible, replace with a 
value of -99. 

e |f vapor pressure, dewpoint temperature, or relative humidity correspond to a 
time of day other than mid-afternoon (~maximum temperature), approximate 
values at the time of day of maximum temperature will be computed, by 
conserving more robust dewpoint temperature or vapor pressures (which can 
be calculated using temperature at time of measurement) and then 
recalculating relative humidity using maximum temperature. 


b. Obtain background daily climate time series (1980-2010) from the AGMERRA 
dataset provided by the AgMIP Climate Team (Ruane et al., 2015b). This dataset 
serves as a first-guess complete set of estimated daily climate data for use in filling in 
missing data for observation stations. (If the observational dataset is fully complete 
this step may not be necessary). AgMERRA data are available at 
http://data.giss.nasa.gov/impacts/agmipcf and are described in Ruane et al. (2015b), 
but an individual location’s .AgMIP-formatted time series may be extracted using 
either FACE-IT workflow tools or via an email to Alex Ruane 
(alexander.c.ruane@nasa.gov) providing the latitude and longitude, elevation, and 
site (name and country). 


c. Fill in missing/flagged observation data using station observations and the 
AgMERRA estimated climate series. This process is facilitated by the AgMIP 
Historical Bias-Correction and Gap-Filling Worksheet. Note that two overlapping 
observational sets may be combined in a similar manner. This set of activities will 
provide a continuous, complete, physically-consistent daily climate series from 1980- 
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2010 in .AgMIP format for use with the crop models. Go through station observations 
and fill in all data gaps as follows: 


Use simple interpolations for short data gaps (e.g., if 3 or less days are missing 
fill in by interpolating from good values on either side). Use caution if strong 
outlier exists on either side as this may not be an effective approach (e.g., if 
strong rain event precedes data gap we can’t assume that it will have persisted 
throughout gap. If rainfall gaps are short and rare they can often be replaced 
with zeros, but this causes dry biases if gaps are frequent. 
For moderate gaps (e.g., 4-10 days) use background dataset to fill in gaps and 
bias-correct using surrounding good data (adjust mean to ensure approximate 
continuity with beginning and end points). 
For longer gaps use background datasets to fill in gaps and bias-correct using 
climatological biases calculated by comparing background dataset to good 
station observations (e.g., if July Tmax in background dataset is typically 0.6°C 
too warm, subtract 0.6°C from background dataset when filling in a July data 
gap; if observed rainfall is typically only 90% of background rainfall in October, 
multiply background dataset by 0.9 to fill in October gaps). 
Ensure that filled in data are physically plausible by checking the following: 

o Relative humidity does not exceed 100% 

o Relative humidity, vapor pressure, and dewpoint temperature are 

physically consistent at time of day of maximum temperature. 
o Solar radiation is not greater than astronomical maximum (can use 
historical monthly maximum as proxy) or below zero. 

o Maximum temperature is at least 0.1°C above minimum temperature. 
Place historical climate data into .AgMIP format using the Excel template 
provided by Alex Ruane (alexander.c.ruane@nasa.gov). 


d. Approximate climate time series in regions for integrated assessments. This 
set of activities produces a set of climate time series that corresponds to each crop 
or livestock modeling location in an integrated assessment region and forms the 
1980-2009 (current) climate series identified in Table 1. (Note that this procedure is 
automated in the AgMIP Climate Scenarios Guidebook using the “farmclimate” 
routine; be sure to list station data first as described in the Guidebook). Working with 
the crop and economic modeling teams, recommended methods include: 


Obtain desired latitudes and longitudes for each integrated assessment site to 
be modeled. Name each station with a 4-character code. 

Identify as many weather stations in (or nearby) region as possible. Quality 
control these datasets following methods above, then assign each of the 
integrated assessment locations to the most representative weather station 
(“corresponding station” may not always be selected by geographic distance 
alone, but may also factor in climatic zones and/or elevation). 

If there are additional precipitation gauges (where other variables are not 
observed), determine which integrated assessment locations correspond to 
these and start with this precipitation record. 

Estimate differences in monthly climatologies between integrated assessment 
locations and corresponding station location using AgMERRA dataset (if 
distances are greater than ~50km) or WorldClim dataset (if distances are less 
than ~50km). Adjust corresponding station in a manner similar to the gap-filling 
bias adjustment to estimate integrated assessment climate series. 

Depending on the number of farms, it may be suitable to categorize each farm 
into a smaller number of groups that experience nearly the same climate and 
then create climate series for these groups rather than each individual farm. 
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e. Create an AgMIP Agro-climatic Atlas for Current Period Climate for eventual 
publications and integration in AgMIP Impacts Explorer. This atlas will contain 
maps and plots of important agro-climatic variables for the region. Recommended 
methods include: 


Generate regional maps of mean temperature and precipitation during historical 
baseline period from observational data and from GCMs to be used in scenario 
generation. 

Identify agriculturally important climate metrics. If region is affected by a 
prominent monsoon, determine which monsoon metrics are important to 
regional agriculture. Compare climate information with planting rules of thumb 
from farmers and/or crop model configurations if possible. 

Calculate these metrics and produce maps using observational products during 
the historical baseline period (in consultation with local experts and 
stakeholders). 

Identify trends in historical record (utilizing a Mann-Kendall test for statistical 
significance), most importantly for temperature and precipitation within the 
growing season. 

Analyze uncertainty among observational products (if available) as reference 
for future uncertainties. 
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7. Assemble survey data and simulate using crop models for analysis of yield 
variations for current climate and current production system (CM0). 


In this action we assemble suvey data and simulate the yield variations by undertaking a 
fitting exercise (due to the multitude of model input gaps) ensuring ‘identical’ inputs across 
crop models in CMO. Table 2 lists the crop model simulation sets CM1 through CM6 which 
are used to answer the four Core Questions. But there are some preliminary simulations that 
must be done first. Crop model simulation set CMO involves simulation of the conditions 
under which the farm survey data were collected. For crop models, this is typically a single 
season simulation using historical weather data where simulated outputs are compared to 
observed farm survey data. Because household survey data is limited to one year, the 
opportunity to correlate yields to interannual weather variability is lost in CMO step, although 
CM1 simulations produce results averaged over 30 years (these use the current climate 
series created in Section 6). For livestock models, a run time of at least 10-12 years is 
recommended because the livestock models take a longer time to stabilize and yield a 
reasonable average value of livestock productivity. The comparison of observed to simulated 
yields from the historical simulation allows researchers to evaluate the models and input 
parameters, and to compute biases and probability of exceedance. This is the only 
simulation for which comparison to observed crop yields and livestock productivity is 
relevant. 


There are two types of data used in the crop simulations. Matched analyses involve actual 
farm survey data and unmatched analyses involve aggregated historical production numbers 
at the regional, national or sub-national level. The following paragraphs describe the ways 
the each case is handled. 


Matched case. Ideally, regional projects will use on-farm survey data for which the crop 
models can be used to simulate each field that was surveyed. This will provide simulated 
results for the “matched” case where the models use climate, soil, and management for 
each field to simulate productivity that is then “matched” with observed yields for each field. 
In order to simulate each field, the teams will need to make assumptions about crop model 
inputs that are needed but not collected in the farm surveys. These assumed inputs should 
be developed with advice from agronomists in the region, and they will be documented along 
with the observed field survey data for each simulated result. Assumed inputs are combined 
with the survey data by means of a field overlay DOME file (see Appendix 3). 


Crop modeling team members should analyze these matched results to be sure that they 
were correctly produced with well-defined and documented inputs and to be sure that 
simulated results are reasonable. Invariably, there will be biases between simulated and 
observed survey data, and the modelers should analyze means, variances, biases, 
probability distributions, and other characteristics of the results prior to confirming that they 
are ready for use in the economic analyses. 


Unmatched case. If farm survey data are not available, crop modelers should work with 
multiple years of historical yield statistics at a district level. In this “unmatched” case, 
simulated yields cannot be matched one-to-one with observed farm field survey data, and 
variations in climate, soils, and management inputs across the region will need to be defined 
in order to create a population from which to sample for simulations. This should be done in 
a representative manner based on available information and expert opinion, particularly 
about variations in management practices and soils across farms within the district. In this 
case, comparisons of crop model results will be aggregated to a district level and analyzed 
for comparison with district yields. Also, a report should be written on methods and results of 
crop model calibration, aggregation methods, uncertainty associated with seasons, and 
biases relative to regional aggregated yields. 
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For both matched and unmatched cases, crop simulation outputs from multiple models will 
be formatted to the AgMIP harmonized Crop Model output (ACMO) format by the crop 
modeling team for use by the economists. This file will document key inputs and the 
metadata describing the simulated scenario as well as provide a summary of crop 
productivity outputs (e.g., yield). 


Recommended steps include: 


a. 


Matched Case. Assemble matched yield case data from household farm survey from 
sub-regions, where crop yield and minimal management (sowing date, fertilization, etc.) 
are available along with household economics information for 50 to 200 farmers. If it is 
not possible to simulate each field to produce matched outputs, crop modelers will need 
to use procedures for unmatched results (see section 7b below and Appendix 3). 

e Download the latest AgMIP Tools (ADA, QuadUI and ACMOUI) from the 
http://tools.agmip.org/ website. 

e Enter yield survey data into spreadsheet templates, following the more detailed 
instructions in Appendix 3. 

e Work with regional Agronomists and Soil Scientists to identify the most likely soils for 
each field in the survey. These data can be added to a separate worksheet in the 
survey data spreadsheet template. 

e Field Overlay spreadsheets can be used to fill in any information that is missing from 
the survey, but required by the crop models, such as initial soil water, initial nitrate 
and ammonium, soil organic carbon degradation, manure application dates, 
fertilization dates, prior crop residue, etc. 

e Work with Climate colleagues to identify climate information/sites. 

e Use the ADA and QuadUI applications to convert these spreadsheets into model- 
ready input files for multiple crop models. 

e Use crop cultivar coefficients that have been calibrated with independent sentinel site 
data in the region (from Section 4 above). 

e Simulate the matched case survey data with multiple models. Compute means and 
standard deviation of observed and simulated yields and other variables. Analyze 
simulated results by computing various statistics and compare with observed 
statistics, including comparison of yield distributions, means, variances, and 
characteristics of bias between observed and simulated yields and outliers. 
Depending on these analyses, crop modelers may decide to accept these inputs as 
baseline soils and management conditions for further analyses or they may need to 
make changes in the assumptions in conjunction with agronomists familiar with 
production in the region. Standard output files (ACMO) are used to provide crop 
model inputs and outputs for use in the AgView application, which can be used to 
create some standard RIA visualizations. 


b. Unmatched Survey and Simulation Fields (or Regional Historic Yields). If there are 


no yield data available from household surveys, it will not be possible to simulate a yield 

for each farm as in the matched data case. In this case, crop modelers will need to work 

with economist team members and agronomists in the region to assemble information on 

variations in management and soils in the region for this “unmatched” case. Assemble 

soil, typical management, and typical cultivar information for the region along with long- 

term historical crop statistics data (for district level or higher) for use in evaluating crop 

model abilities to simulate regional yields and production. Methods for doing this are: 

e Yield statistics of crops will be collected for the region over historical time periods of 
30 years. 

e Cultivar life cycle information will be assumed correct from the site-specific sentinel 
site data. 
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Survey information will be collected with input of agronomists and soil scientists, to 
represent the distribution of weather stations, soils information, sowing dates, 
cultivars, residue return, soil organic matter pools, and fertilization that represents the 
region being predicted. 

Use software tools (as above) to create model-ready input files for multiple crop 
models to simulate historic observed years. 

Similar to the matched case (6.b), crop modelers will create ACMO files and prepare 
reports and publications that describe and interpret biophysical results of the study. 
For purposes of evaluating crop model abilities for simulating regional or district-level 
yields, crop model teams should aggregate yearly simulated results (over climate 
sites, soils, sowing dates, cultivars, management) to the district level yield for 
comparison with historical district yields (e.g., comparing distributions of simulated 
and observed yields, mean annual bias, etc.). 

Document model simulations (inputs, management, outputs, soil, climate, cultivar 
coefficients) by placing them in the Crop Site Database, along with explanatory text 
and appropriate tables and figures showing the yield distributions, analyses of 
interannual and spatial variations. 

Create maps and summary statistics e.g., spatial distribution of climate, soils, 
management, and yields illustrated in GIS mapping methods 
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8. Analyze Carbon-Temperature-Water-Nitrogen (CTWN) responses. 

To establish understanding and credibility of the results of crop and livestock model 
applications, climate, crop, and livestock experts will undertake analyses of agricultural 
responses to changes in key climate and nitrogen factors. This analysis will help to identify 
vulnerabilities and the importance of various uncertainties in the modeling framework. 

a. Select Representative Farmer Field from Phase 1: RRT teams will select one or 
more “representative” farmer fields from their farm-survey data, where the yield is 
relatively median/typical of the farms and where model yield predictions for that farm 
are reasonably close. For the selected fields, accept the soil, cultivar, and DOME 
data as configured CMO analyses. 

- Because the yield distribution can mask huge differences between models in 
predicting yield of any given farm, it may be helpful to use the Observed vs 
Predicted yield plot for the selection process, not simply the yield distribution. 
That is, locate the median farm yield on the observational axis, identify the 
predicted yield points for each model, if they are far apart, ignore the median 
farm as basis for selection, and instead locate in this yield vicinity a yield point 
for which the two model predictions are quite close on the same farm. This 
will ensure that there is an equal starting point for the two models on the 
CTWN plots. 

Selection of up to three farms per survey site may be appropriate in some 
cases for the CTWN, because CTWN responses differ where there are large 
differences in soil fertility or water-holding capacity. 


b. Verify simulations run for that single farm and document key attributes, including 
the soil, initial conditions for soil water, NO3, NH4, root residue, prior crop residue, 
farmer fertilization with N, and manure application, the soil SOC, the SOC method 
used, and SOC pools. 


c. CTWN Factor Variation: for each single farm site, using 30 years of historical 
weather, we will vary one at a time (Table 5): [CO2], Tmax and Tmin, rainfall, and 
fertilizer N over a range for each variable. Results will be used to interpret different 
responses of the crop models to climatic factors and N, and especially to document 
correct starting point for that field and the adequacy of the assumed soil organic C 
pools that impact yield response to N. Indeed, the N response obtained is often used 
to inform the setting of available soil organic C pools for the entire survey data set. 
The CTWN is not a climate impact assessment exercise, but rather to interpret how 
and why the models differ and to analyze the sensitivity of each particular system to 
the selected environmental variables. C3MP sensitivity tests may also be utilized to 
explore combination effects (such as increases in both [CO2] and temperature). 


d. Special case of low N systems: AgMIP analyses in sub-Saharan Africa have 
shown that under low N conditions there can be strong interactions with climate 
inputs in determining yield. Where survey yields are dominated by farms with inputs 
< 30kgN/ha, the temperature and rainfall variations should be evaluated at both N 
limiting (30 kg N/ha) and N non-limiting conditions, (i.e. similar to the [CO.] at 
180kgN/ha) with the test at high N to establish the site yield response to each climate 
factor without complication from N deficiency. Then proceed to the median farm 
situation to explore the extent of climate interaction at low N conditions and impact 
on model yield predictions. This procedure is not yet available in QUADUI and 
graphing routines, but will be forthcoming. 


A CTWN “Batch DOME?’ file is available which generates simulation files for the 32 single 
factor levels. Use QuadUI with the single farm survey data, the field overlay, a seasonal 
strategy file to allow simulation using 30-year current climate data, and the CTWN DOME. 
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Run the crop model simulations and use ACMOUI to write harmonized crop model outputs. 
Be sure to check for any model warning messages or log files. 


Table 5. Description of single factor analyses of CTWN response. 
CTWN Single | [CO2] (ppm) | [CO2] (ppm) | Tmax/Tmin | Rainfall Fertilizer 
Factor at N=30 at N=180 (CC) (% of (kg/ha) 
analyses kg/ha kg/ha current) 
360 360 -2 25% 0 
450 450 0 50% 30 
540 540 +2 75% 60 
630 630 +4 100% 90 
720 720 +6 125% 120 
+8 150% 150 
175% 180 
200% 210 


Creating Graphs and Interpreting Differences between Models: The AgView 
visualization application (tools.agmip.org/agview.php) reads the ACMO files and creates x-y 
plots of yield (and other variable) responses in same graphs as a function of the single 
factors of temperature, [CO,], rainfall, and N fertilization. 


e  X-Y Graphs with Boxplots of Linear Factor Analysis: Yield versus C, T, W, N 
where the x-axis is the C, T, W, or N variable. Mean yields and box plots (over 30 
years) will be computed for each level of the single factors of [CO2], temperature, 
rainfall, and fertilizer N, and plotted against the factor [CO2], temperature, rainfall, 
and N level on the x-axis. The means and box-plots for multiple models will be 
shown on the same x-y graphs to allow intercomparison of the different models. 

o Mean yields and box plot (over 30 years) will be computed for each level of 
the single factors of [CO2], temperature, rainfall, and fertilizer N, and plotted 
against the factor [CO2], temperature, rainfall, and N level on the x-axis. The 
R-program shows the two crop models for comparison (e.g., side-by-side 
boxplots at each x-axis level (e.g., +2 degrees Celsius). 

o As appropriate, other variables such as ET, E, T, and N uptake of both 
models will be plotted against the corresponding CTWN factors. 
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9. Assemble data and simulate livestock models for analysis of livestock productivity 
at the household level. 

In this activity household survey information and outputs from the crop models need to be 
combined to generate the necessary livestock model input data. 


Firstly, the livestock model requires feed availability information coming from the crop 
models and, if available, rangeland models. These yield data need to be combined with 
information from household surveys on field sizes to calculate total farm-level feed 
production. Secondly, household survey information will also serve to derive the initial herd 
size and composition for each household, which is needed as input data for the model. 


For the grazing component of the livestock data, rangeland models could be used if 
available and well calibrated. If these are not available, or if confidence in modelling results 
is not (yet) satisfactory, other options exist to estimate the grazing component. One option is 
to use a crop model like APSIM or DSSAT to simulate tropical grass productivity in response 
to climate. Outputs from these crop models should be checked against reported rangeland 
biomass availability figures from the literature before use. A third option for estimating 
annual productivity of grazing lands, is to use rainfall use efficiency values from the literature 
in combination with seasonal rainfall. A final option, which does not allow incorporating 
annual biomass variability, is to work with reported average values of biomass availability. In 
all cases, rangeland productivity estimates have to be combined with information on 
rangeland area and stocking density to derive feed availability per animal. 


On-farm crop residue and forage production can be derived from the crop modelling results. 
Biomass yields have to be multiplied with field sizes (from household surveys) to calculate 
total farm-level feed production and combined with the actual herd size of a particular year in 
the simulation, to obtain feed availability per animal, which is the final input used by the 
livestock model. 


Simulated livestock productivity in terms of herd size and dynamics (number of animals 
born, sold, died) and milk production should be compared with information derived from the 
household survey. Invariably, there will be biases between simulated and observed survey 
data, and the modelers should analyze means, variances, biases, and other characteristics 
of the results prior to confirming that they are ready for use in the economic analyses. 


When running the LivSim model with the run_LivSim_AgMIP.r script, an ALMO file will be 
created with the simulated output of all households and a selected number of output 
variables (herd size, herd dynamics indicators related to animals born, sold, and deceased, 
milk production, manure production). Additionally, raw output containing information about 
each individual animal over time is stored and can be used for more detailed analysis to 
understand observed patterns, as well as a number of summary .csv files per household and 
per year. 
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10. Assemble economic data for regional economic analysis and develop skills for 
using the regional economic model. 

Outputs from this set of activities include at least two economist members per project team 
that are capable of performing economic analyses in their respective regions and data 
assembled on baseline socioeconomic and agricultural production data in their regions. An 
output will be crop modelers and economists with experience in interdisciplinary 
collaboration in co-developing data sets for use by both teams (e.g., historical yields and 
socioeconomic survey data), with the data input to the AgMIP database. Another output is 
the TOA-MD model set up to simulate economic outcomes for the region, using baseline 
socioeconomic data. Specific steps include: 


a. Identify economic data and corresponding study components (see the TOA- 
MD model and supporting documents for further details). 


b. Work with the climate and crop model teams to produce and analyze baseline 
crop simulations for sites that are jointly selected for the region, based on available 
data from regional statistics and/or on-farm surveys. This step requires direct 
cooperation among disciplinary team members and relies on the above steps on 
collecting climate series and calibration of crop models for regional yields. 


c. Estimate economic model parameters using the available data (see the 
Appendix 2 and TOA-MD model and supporting documents for details). It is 
recommended that the TOA-Parm tool be used, in conjunction with parameters 
obtained from the DevRAP and DevAdapt tools (for parameters that cannot be 
estimated with observational data or with crop or livestock models). 


d. Prepare a report (following AgMIP template) describing the existing systems and 
documenting the data used for regional economic analysis and parameter estimates. 
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11. Create downscaled climate scenarios 

Create downscaled climate scenarios based on AgMIP protocols (Ruane et al., 2015a), for 
use in the assessments of climate change studies, and provide future scenarios for use with 
crop models in the AgMIP database. Note that these procedures are captured in scripts 
contained in the AgMIP Guidebook for Climate Scenarios and available on the AgMIP 
Toolshed (tools.agmip.org/acsgtr.php), much of which can be run in FACE-IT. A key output 
from this set of activities will be future climate scenarios derived from the latest IPCC climate 
models and downscaled for use in the target regions. These scenarios will be in the .AgMIP 
climate data format and ready for multiple crop model simulations of impacts and agricultural 
adaptation for each region. In addition, a climate atlas will be produced of important climate 
variables and derived agriculturally-important indices. These atlases will include maps for 
use in scientific publications and for communication of results to stakeholders. 


a. Select subset of GCMs for full analysis and create AgMIP Agroclimatic Atlas 
showing future climate change scenarios with uncertainties using maps with 
probabilities. The subset of models is a necessary step considering the limited 
resources and large number of combinations possible in further combination with 
crop, livestock, and economics models. We will focus on the Mid-Century (2040- 
2069) period, using a high-emissions scenario (RCP8.5) and a moderate-emissions 
scenario (RCP4.5). Maps and summary results will be published and also 
communicated to stakeholders via the Impacts Explorer Tool. Specific methods are: 

e Make plot of growing season temperature and precipitation change from full 
GCM ensemble. When multiple cropping seasons are cultivated by regional 
households, different cropping seasons may be handled by producing 
scatterplots for each season individually, or combined across the various 
growing seasons. The latter is more straightforward to implement with Econ 
analysis as both seasons factor into economic outcomes. Highlight models 
chosen for representative subset, drawing a relatively hot/dry, hot/wet, cool/dry, 
and cool/wet GCM as well as a GCM representing the middle of the ensemble 
projected changes (more detail on this approach is provided by Ruane and 
McDermid, 2017). It is critical to recognize that these scenarios are relative to 
the full GCM ensemble projection, so “relatively cool’ is likely still warmer than 
present, just not as warm as the median of other GCM projections for a given 
location. Note the weights given to each GCM as these will be used by 
economic and crop modelers in the final analyses. This can be created using 
the R CMIP5_TandP script. 

e Create monthly box-and-whisker diagram to show current climate and projected 
range of future climates for mid-century RCP8.5. This can be created using the 
Matlab ‘CMIP5_TandP'’ script. 

e Produce region-wide maps of CMIP5 climate change projections, including 
median changes in mean quantities, variability, and extremes (along with 
corresponding uncertainties) for temperatures and precipitation. 

e Also produce maps for agriculturally important climate metrics under future 
climate conditions for comparing with those produced for historical baseline 
climates. 


b. Create CMIP5 mean and variability change scenarios. This activity will produce 
-AgMIP-formatted climate scenarios including both monthly and sub-monthly 
changes in temperature and precipitation. These procedures are described in Ruane 
et al., 2015a, and are captured in the “agmipsimple_mandv’ scripts in the AgMIP 
Guidebook for Climate Scenario Generation. In many regions there are not sufficient 
resources or available regional climate model (RCM) results to capture important 
uncertainty in climate projections, however where these are available they are 
particularly helpful for their representation of sub-seasonal metrics that are often 
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affected by smaller-scale atmospheric dynamics. In all cases, for future scenario 
generation it is critical that the basis of current climate be identical to the file 
developed in Section 6, as this ensures that only projected climate changes 
differentiate future and current climates (as opposed to any biases resulting from 
different current climate series). Suggested methods include: 

e Calculate monthly changes in mean maximum temperature, minimum 
temperature, and precipitation by comparing future 30-year climate periods to 
the current (1980-2009) climate period from the same GCM/RCM combination 
(where available). 

e Calculate monthly changes in the standard deviation of maximum temperature, 
the standard deviation of minimum temperature, and the number of rainy days 
(precipitation>0.1 mm) by comparing future 30-year climate periods (AgMIP 
defines three main time periods: “near-term’=2010-2039; “mid-century’=2040- 
2069; and “end-of-century”=2070-2099) to the current climate period (1980- 
2009; use RCP 4.5 for 2006-2009 period) from the same GCM/RCM 
combination (where available). These statistics are calculated by making a 
distribution of all days within a given month (e.g., April) over all years in the 
scenario (30 years x 30 days in April = 900 days). The shape parameter of the 
gamma distribution for wet events may also be of interest from RCM results, 
but is generally not of sufficient quality in GCM simulations. 

e Impose these monthly changes on baseline climate series for all sites used in 
the analyses (developed in Section 6) using a stretched distribution approach 
that adjusts each event by comparing existing and desired values by 
distributional percentiles. 

e Assume that solar radiation, winds, and relative humidity daily variables from 
the historical daily climate records are unchanged. Ensure that vapor pressure, 
and dew point temperatures are physically consistent with relative humidity at 
the time of day as the new scenario’s maximum daily temperatures. 

e Produce mean and variability change scenarios for all CMIP5 GCMs at the 
best-calibrated site in each region, and then create future scenarios at every 
farm site using the 5-GCM subset identified above to drive crop and livestock 
model simulations. 

e Use the .AgMIP climate naming convention (described in the Guidebook for 
Climate Scenario Generation and Ruane et al., 2015a) as climate identifiers for 
metadata to be used by crop, livestock, and economic modelers. 


c. Create CMIP5 delta-based climate scenarios (optional — these are less 
complicated scenarios that may be made with only monthly outputs). These 
scenarios will be based on historical baseline daily climate data, with each day’s 
weather variables perturbed using the changes in climate model outputs for future 
time periods versus those same model outputs for the historical time period. These 
scenarios are made using the “agmipsimpledelta” routines in the AgMIP Guidebook 
for Climate Scenarios and may be compared against the more complex mean-and- 
variability change scripts above. This is a simpler but more straight-forward 
approach that some teams may want to examine and/or compare against the mean- 
and-variability approach detailed above. Specific methods include: 

e For each of these sites, calculate monthly changes in corresponding mean 
maximum temperature, minimum temperature, and precipitation by comparing 
future 30-year climate periods to the same GCM’s current climate period (1980- 
2009; use RCP 4.5 for 2006-2009 period). The Mid-Century RCP8.5 (high 
emissions scenario) is the priority future scenario period for assessment. 

e Impose these monthly changes on baseline climate series for all selected sites 
(developed in Section 6) by adding temperature changes to the baseline record 
and multiplying by a precipitation change factor. 
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Assume that solar radiation, winds, and relative humidity are fixed at the same 
values that were in the historical time series. Ensure that vapor pressure, 
dewpoint temperatures, and relative humidity are physically consistent at time 
of maximum daily temperatures (warmer temperatures have higher vapor 
pressures and dewpoint temperature at same relative humidity). 

This will result in a 30-year .AgMIP-formatted climate series for a given future 
period and GCM. 

Use the .AgMIP climate naming convention (described in the Guidebook for 
Climate Scenario Generation and Ruane et al., 2015a) as climate identifiers for 
metadata to be used by crop, livestock, and economic modelers. 
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12. Conduct multiple crop/livestock model simulations 

The major outputs of this series of activities include simulations of yields by multiple crop 
and livestock models for multiple sites within the study region. Table 1 depicts six crop and 
livestock modeling simulation sets, and Table 2 identifies four associated climate change 
ratios for resulting economic questions, that are needed to address the Core Climate 
Impact Questions described in the Introduction. 


A description of Simulation Sets CM1 through CM6 are listed below. Each simulation 
represents a 30-year analysis. For crop models, the years are assumed to be independent, 
with no carry-over of soil state variables from one year to the next (i.e., all years begin with 
exactly the same initial conditions, as defined in CMO). Differences in yields within the 30 
years represent effects of weather variability only. Livestock models must be run as a 
sequence of 30 continuous years to get long-term average production. 


a) CM1: Current climate with current production systems technology: Simulate current 
period climate series (identified as planting years 1980-2009 in Table 6) for all farms 
using: 

e The 30-year current climate series created in Section 6 above, 

e Current production systems, represented by the survey data and field overlay 
data from the historical simulation (CMO, see Section 7) and calibrated 
cultivars and livestock breeds from the calibration simulations (Section 4). 

e A CO: concentration of 360 ppm for all years (see Table 6), 

e Seasonal strategy DOMEs used to generate the 30-year crop model 
simulations. 

b) CM2: Climate change scenario(s) with current production technology (no adaptation 
or RAPs): Simulate mean-and-variability-based climate change scenarios (beginning 
with RCP8.5 Mid-Century, identified as planting years 2040-2069 in Table 6) for all 
farms using: 

e The five 30-year, future climate series created in Section 11 above, working 
in consultation with climate team. 

e Current production systems, represented by the survey data and field overlay 
data from the historical simulation (CMO, see Section 7) and calibrated 
cultivars and livestock breeds from the calibration simulations (Section 4). 

e ACO, concentration corresponding to the central year for all simulations (see 
Table 6). 

e The same seasonal strategy DOME used in CM1, except that the CLIM_ID is 
changed to represent the scenario being modeled. 

c) CM3: Crop and livestock model simulations with current climate, using adaptation 
package(s) created via collaboration between the crop, livestock, and economic 
modeling teams. Adaptations could be the same as (or directly related to) those 
used in CM6 to contrast the value of climate-related adaptations in current climate 
versus future climate. Examples include heat or drought-tolerant cultivars; added 
irrigation; subsidies for improved seed, inclusion of heat-tolerant forage crops, 
economic incentives, etc. requiring major investments. Alternatively, teams could 
design adaptation/interventions for present climate and present technology. The 
same survey data and field overlay are used to generate the simulation, but 
additional DOMEs may be used to superimpose changes to management for the 
selected adaptation package. 

d) CM4: Crop and livestock models will be simulated with current climate for future 
production technology (e.g., improved cultivars and livestock breeds, additional N 
fertilization, use of feed concentrates, altered management) informed by RAPs and 
technology trends. 
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e) CM5: Climate change scenario(s) with future production technology (improved 
cultivars and livestock breeds, additional N fertilization, use of feed concentrates, 
altered management) informed by RAPs and technology trends. 

f) CM6: Climate change scenario(s) with future production technology, plus an 
adaptation package. Create and document adaptation package(s) via collaboration 
between the crop, livestock, and economic modeling teams. Adaptations should be 
connected to climate-related vulnerabilities identified in a comparison between CM4 
and CM5 results (also CM1 and CM2) such as heat or drought-tolerant cultivars; 
added irrigation; subsidies for improved seed, inclusion of heat-tolerant forage crops, 
economic incentives, etc. requiring major investments). Do not attempt improved 
management options associated with representative agricultural pathway and 
technology trends that define future production systems. 


For each simulation, outputs from the multiple models are organized into harmonized ACMO 
(crop model) and ALMO (livestock model) formats. All outputs should be reviewed by crop 
and livestock modeling team members working closely with economic and climate team 
members to ensure the results are plausible, e.g., that there are no unexplained outliers. 
Summarize crop yield and livestock productivity impacts in tables, graphs, and maps for 
publication and communication to stakeholders. Included in these tables, graphs, and maps 
should be: 


e  within-region variability in impacts, and 

e uncertainties associated with crop, livestock, and climate models 

e Interpret reasons for variations among crop, livestock, and climate models as 
well as between regional households 


Table 6. Central year carbon dioxide concentrations for AgMIP climate scenarios and time periods, with the 
Current and RCP8.5 Mid-Century time periods highlighted as they will be the primary focus of integrated 
assessment. These are the concentrations (drawn from observations and the RCP driving datasets) to be used 
for all years in a given scenario experiment. 


Scenario and Time Planting Year 

Period Coverage Mid-year [CO] 
Current 1980-2009 1995 360 ppm 
RCP4.5 Near-term 2010-2039 2025 423 ppm 
RCP8.5 Near-term 2010-2039 2025 432 ppm 
RCP4.5 Mid-Century 2040-2069 2055 499 ppm 
RCP8.5 Mid-Century 2040-2069 2055 571 ppm 
RCP4.5 End-of-Century 2070-2099 2085 532 ppm 
RCP8.5 End-of-Century 2070-2099 2085 801 ppm 


The following analysis simulation sets are performed for a single, best-calibrated and 

representative site in each integrated assessment region. These results are not used to 

answer the Core Climate Impact Questions, but are used to more fully understand the 

dynamics of the cropping system, and to interpret causes for differences among crop model 

responses to climate and management factors. 

e Full GCM simulations. Examine the full GCM ensemble for a single farm. The outputs 
from the single location GCM ensemble simulations will be used by the climate team 
members to place the subset of GCMs in context. 


FACE-IT workflows for RIA. Note that FACE-IT workflows provide an alternative to using 


the AgMIP desktop utilities for data translation and allows simulations using DSSAT and 
APSIM for complex workflows for this activity. 
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13. Analyze regional economic impacts of climate change without and with 
interventions and adaptations using the regional economic model. 


Outputs will be impacts of climate change, interventions, and adaptations on agricultural 
production, farm income and poverty, and projected rates of adoption of adapted systems. 
To the extent possible, teams should use results of these sub-national analyses to draw 
implications for the national impacts, e.g., by extrapolating impacts to regions with similar 
production systems. The AgMIP regional integrated assessment framework is summarized 
in Figure 2. 


Economist team members will use the TOA-MD model (or similar) following the procedures 
in Appendix 2 to estimate the economic model parameters. Results from the RIA analyses 
will be summarized with graphs and reports for scientific publications and for dissemination 
to stakeholders. 
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14. Archive data and analyses of results for integrated assessments 


An important output of integrated assessments will be databases which include data for 
climate, soil, management, experiments, surveys, regional economic model parameters, and 
historical yields used in the RIA. These datasets will be highly valuable for additional future 
analyses as models improve, research and policy questions change, and adaptation 
approaches evolve. Archived data uploaded to the AgMIP Data Interchange 
(data.agmip.org) will be made available for broad use, although it is recognized that some 
data used in the projects (such as daily climate data in some cases, or confidential survey 
data) may not be archived due to intellectual property rights and data policies. Additionally, 
archived results from climate, crop models, livestock models, and economic models will 
serve as the source for various publications and presentations, including web-based 
information that will be made available for stakeholders. For this reason, it is possible to 
“freeze” datasets for a period of up to one year. Metadata for “frozen” datasets will be 
viewable, but people will be directed to the project PI for access to the data. A well- 
documented archive of AgMIP experiments, outputs, and analysis tools will facilitate future 
improvements in capabilities to perform integrated assessments of climate change impacts 
and adaptation at site and aggregated scales. 


Figure 6 presents a data flow diagram for AgMIP Regional Integrated Assessments. Data 
created using the tools and procedures outlined in this document should be archived in 
AgMIP databases. Research teams shall contribute data to ACE (AgMIP Crop Experiment), 
DOME (Data Overlay for Multi-model Export), ACMO (AgMIP Crop Model Output), ALMO 
(AgMIP Livestock Model Output) and Regional Economic databases. The AgMIP IT Team 
will provide tools and training through the regional workshops and web tutorials so that 
RRTs can interact with the ACE, DOME, ACMO, ALMO and regional economic databases 
directly through the AgMIP Data Interchange (data.agmip.org) which connects to AgMIP 
data nodes. This will allow for storage of standardized databases of crop experiments and 
yield trials for the region and outputs of crop model simulations. 


Data to be archived includes: 
a. Climate data 
e Observed weather data for crop model calibration 
e 1980-2010 quality-controlled daily climate data for use in the AgMIP regional 
assessment 
e Ensembles of daily future climate scenarios 
b. Crop Modeling 
e Harmonized (aceb, dome and alnk) data files associated with detailed 
calibration data from field experiments or other sources. 
e Calibrated cultivar parameters 
e Soil parameters as used in simulations 
e Harmonized data associated with farm survey sites for regional assessments 
using baseline and future conditions (aceb, dome and alnk files) 
e Crop model outputs for survey, baseline, sensitivity tests, and various future 
climate conditions (ACMO files) 
e Text summary of climate impacts on yield, considering crop management in 
survey fields 
c. Livestock Modeling 
e Harmonized data files with information from feeding trials, breed-specific 
productivity indicators, farmer feeding practices, rangeland biomass 
availability, feed quality 
e Calibrated livestock breed parameters 
e Feed input data (on-farm and grazing land) and herd size and composition as 
used in simulations 
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e Livsim input files (.xlsx format) used for the simulations of each scenario and 
each system 

e Livestock model outputs (milk production, herd dynamics) for baseline, future 
climate and adaptation conditions (ALMO files) 

d. Economic data 

e Inputs to regional economic models (including survey metadata) 

e DevRAP matrix spreadsheet including output data from global economic 
models used in the RAPS and productivity trends. 

e Regional economic model outputs - Impacts of climate change and 
adaptations on agricultural production, farm income and poverty, proportion of 
households vulnerable to climate change and predicted adoption rates of 
adapted technologies. 
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Figure 6. Data flow diagram for AgMIP Regional Integrated Assessments showing AgMIP 
data products and archive databases 
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15. Disseminate integrated assessment results. 

The key outputs from this set of activities include scientific publications, project reports, 
results summarized on regional web pages linked to the AgMIP web site, and workshops 
with stakeholders. Initial and ongoing interaction with stakeholder and policymaking 
communities are likely to be as valuable as the dissemination of results to these 
communities, as early and consistent interactions increase buy-in and help develop a more 
useful and efficient research project 


a. Develop RRT-specific web pages for the AgMIP web site. The AgMIP IT Team 
will provide information on how to create region-specific web pages and will give 
regional IT team members access to create and maintain that web information. Each 
region will have its project goals and methods on the site as well as pictures of 
project activities, output tables, maps, and graphs, as well as news items, for 
example. 


b. Conduct project workshop with stakeholders. 
e Invite stakeholders to SSA and SA workshops 
e Organize stakeholder sessions at a region-specific workshops to keep them 
informed and learn from them what information they need for their planning and 
policy-making responsibilities 


c. Prepare scientific publications. AgMIP research is designed to provide results 
that are well-suited for peer-reviewed journal publications and informing national and 
regional publications related to climate vulnerabilities, economic development, and 
adaptation/mitigation planning relative to food production and food security. 
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Appendix 1 


End-to-End Connections and Priorities for Decision Support 


AgMIP Regional Integrated Assessments are motivated by the need for cutting-edge scientific 
information that will aid stakeholders considering various options for policy change or investment. 
Figure A1.1 demonstrates how this decision support requires a modeling framework connecting 
economics, crop/livestock, and climate model inputs and outputs, but is also built upon a foundation 
of credibility established through key validation and analyses (Figure A1.1). The protocols and 
activities described in this document provide credible information and context in support of a range 
of stakeholders around the world according to this model. 


= Engage key stakeholders Projected Benefit of a 
Decision for Stakeholders 


a Identify key decisions 

= Synthesize and translate 

= Investigate plausibility of 
RAPs/Adaptation 


= Probabilistic impacts in 
poverty and net returns 

= Probabilistic yield changes 

= Calibrate economic model = Probabilistic climate shifts 

= Create parameters to 


represent RAP/Adaptation 


= RAPs 

= Adaptation packages 

= Probabilistic crop/livestock 
response to adaptation 
and climate change 


= Calibrate crop/livestock 
models across distribution 
of farms 

= Create parameters to 
represent RAP/Adaptation 

= CTWN response analysis 

= Current variability analysis = Adaptation packages 

= Probabilistic climate 
change scenarios 


= Quality control current : 3 
= Current period climate 


period climate data 
= Historical climate trends 
= Current variability analysis 
= Probabilistic assessment of 
future CTW projections 


Figure A1.1: Overview of AgMIP Regional Integrated Assessments end-to-end project design. Center: To inform 
stakeholder decisions we need economic simulations driven by crop/livestock models driven by climate 
information. Right: Flow of the major inputs and outputs to enable the end-to-end regional integrated 
assessment. Left: Major analyses that are needed to give context and credibility to the outputs of each 
disciplinary component of the regional integrated assessment. Colors indicate the RRT project teams 
responsible for each activity (purple=stakeholder unit; gold=economics; green=crop/livestock; blue=climate), and 
all arrows will be facilitated by IT infrastructure and project communications. 
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Appendix 2 


Calculating Statistics for Climate Impact Assessments Using 
Crop/Livestock Model Simulations, RAPs and the TOA-MD Model 


John Antle and Roberto Valdivia 
November 2015 


Introduction 


This document describes how crop and livestock model simulations and Representative 
Agricultural Pathways can be used with TOA-MD to implement assessments of climate 
change impact and adaptation using “matched” and “unmatched” data from crop or livestock 
simulation models. We use the case of a population of heterogeneous farms with a single 
stratum and one production activity to illustrate the methods but this can be generalized to 
multiple activities and multiple strata. This appendix presents methods for the use of data 
from crop or livestock models to simulate climate impacts by averaging data over time within 
the “current period” and within the “future period” defined for the analysis. 


It is important to recognize that the methods presented here are not designed to represent 
temporal variability within the current period or within the future period. We focus on the time 
averaged case because of key limitations of the data that are usually available. In most 
cases, we do not observe yields or management over enough years to measure variation 
over time for individual farms. Thus, our methodology is designed to use cross-sectional 
survey data to estimate spatial heterogeneity reflecting bio-physical differences and 
management differences across farms. 


The first section presents concepts and definitions. The second section describes the 
calculations used to estimate the parameters of the TOA-MD model. 


A2.1. Concepts, Definitions and Assumptions 
The Four Core Questions 


The methods described here can be used to answer the “core questions” described in the 
first part of this Handbook. Note that Questions 1 and 3 involve assessing climate impacts, 
and so the TOA-MD model is used as an impact assessment tool. Questions 2 and 4 
involve adaptation, in either a current or future period. Analysis of adaptation involves 
procedures similar to a standard technology adoption analysis as discussed in the TOA-MD 
documentation. 


It is also important to recognize that these Core Questions are not the only logically possible 
or useful questions that can be investigated with the methods described here. For example, 
Core Question 2 can be modified to use a changed climate rather than the current or 
historical climate; also, Core Question 3 can be modified so that the technology specified for 
System 2 in the economic analysis is adapted to the future climate rather than a technology 
adapted to the current or historical climate. 


Incorporating Spatial and Temporal Variability 


We know yields and related outcomes (economic returns) vary over space and time, and this 
variation is important to understand vulnerability of farms to climate change. Therefore we 
need to project these distributions into the future for climate impact assessment. 


We can describe a variable such as a yield for a production system h used at location j at 
time t as yj. Let uj be the mean for farm j obtained by averaging its values of yx over time 
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and let u; be the mean for year t obtained by averaging yj over all farms in that year. We will 
say that yj is the time-averaged mean for farm j and pis the spatially-averaged mean for 
year t. Similarly, we can decompose the variance of yj into spatial and temporal 
components. To obtain meaningful approximations to the distribution of outcome variables 
for the TOA-MD model, we often need to stratify populations of farms that come from 
different sub-populations or different time periods. For example, we may need to stratify 
farms geographically or by socio-economic characteristics such as size or ownership of 
livestock. 


Our goal is to use the available data to estimate distributions of realized or expected returns 
to a farming system using the available data. The data needed are: 


e Farm survey data that provide observations of current yields, management and other 
socio-economic variables such as prices, production cost, farm and household size, 
off-farm income. 

e Secondary data on average yields for the study region. 

e Projected yield growth rates from global agricultural economic models or RAPs. 

e Current and future simulated yields of crops and livestock obtained from the crop and 
livestock teams. 


A key limitation of the data is that, in most cases, we do not observe yields or management 
over enough years to measure variation over time for individual farms. Thus, our 
methodology is designed to use cross-sectional survey data to estimate spatial 
heterogeneity reflecting bio-physical differences and management differences across farms. 


Defining the Study Region and Time Periods 


The presentation here is for the analysis of a farm population in an “integrated assessment 
region,” i.e., a study area defined geographically and possibly in terms of other socio- 
economic characteristics. Our convention for time t is that it represents a calendar year 
within a time “period.” The current period H covers a specified number of years, and the 
future period F is some number of years ahead. 


In most cases available farm survey data will come from a year (or years) near the end of 
the current period used for climate data and bio-physical model simulations, and 
management data used in these simulations will come from these survey data. For example, 
AgMIP’s Regional Research Teams are using 1980-2009 as the current period for climate 
data and crop and livestock simulations. However, most survey data being used are from 
2005 or later. For the economic analysis, using a 30-year period as “current” is not practical 
due to data limitations, the challenges of dealing with real and nominal trends, etc. 
Therefore, for the economic analysis, we are using the most recent 5-year period centered 
as closely as possible on the year(s) of the economic survey data for purposes of defining 
the current period for economic data. 


Interpretation of TOA-MD Systems 


Following the TOA-MD terminology, every simulation experiment involves two systems, 
denoted in TOA-MD as System 1 and System 2. Note that the interpretation of system 1 and 
system 2 depends on the type of analysis being done. For example in core question 1, to 
assess the effects of climate change on productivity, we interpret system 1 as the current 
production system in the current period and system 2 as the same system if it were 
observed in use with the future climate. However, for analysis of the four questions of Table 
1, system 1 and system 2 are constructed to represent various combinations of climate 
change effects, socio-economic conditions and technologies. 
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To further simplify this presentation, we consider the case of a production system that has a 
single activity (say, a crop). More generally, the same types of calculations would be applied 
to each activity in each sub-system (i.e., to all crops, all livestock, all aquaculture activities). 


Definition of Climate and Technology 


We define a climate as a distribution of weather outcomes, and denote it with the parameter 
ya where t= H or F. Note that in the Core Questions 1 and 2, a “future” climate is used 
under current-world socio-economic conditions. This is done for two purposes. First, it can 
be useful for evaluating how a change in climate could affect current systems; second, the 
“future” climate can be defined as a climate different from the historically observed climate, 
e.g., with an increase in extreme events, that could be occurring now under current socio- 
economic and technological conditions. 


Production system technology is defined here in two dimensions: the period when it is used, 
and the climate it was developed for and presumed to be adapted to. This means that a 
given technology, e.g., a specific seed variety, performs best in the climate it is adapted to. 
However, this does not mean that there cannot be a better-performing technology in that 
climate, even one adapted to a different climate. Technology is represented as T where t = 
H or F represents the time period the technology is used and i = H or F denotes the climate 
it is adapted to. Note that in the experimental design of the simulations, the technology THF 
is used in analysis of Core Question 2 with current climate, so we interpret this technology to 
be better adapted to a future climate, but could be better performing in the current climate 
than the current technology. 


Technology and Climate Combinations Used in the Four Core Questions 


According to this definition, there are four possible combinations of time period and 
technology adaptation that are used to parameterize the crop, livestock and economic 
models. These are combined with climates according to Table A2.1 to construct the 
simulations for analysis of the Four Core Questions. 


Table A2.1. Technology and Climate Combinations Used in Analysis of the Four Core 
Questions 


Core 
Question System 1 System 2 
1 THH, YH THH, YF 
2 THH, YH THF, YH 
3 TFH, YH TFH, YF 
4 TFH, YE TFF, YE 


Variable Definitions 
t = individual year or time period 
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H = current time period 
F = future time period 


j = farm index, j = 1,...,J farms in data sample representing the integrated assessment 
region study area 


t = 0 = base year(s) for the analysis, typically the year(s) when survey data were collected 
Ti = technology and management used in period t = H or F, adapted to climate i = H or F 
yt = Climate in period t = H or F 

p: = representative output price (currency units/kg), t = H or F 

yjt = Crop yield in year t (kg/ha) 

(Ti, yt) = time-averaged mean of yields for farm j using technology Ta with climate yt 

Yo = mean of observed yields in the survey data for base year t = 0 


Yu = mean of yields averaged over all farms and years in the current period, obtained from 
secondary data in the study area 


Byo = Yu/Yo = normalization factor used to scale survey data yields to the current period 
mean 


Sį(Ta, y) = simulated crop yield for farm j using technology T; with climate y 

rx = relative yield for farm j used for Core Question k. 

fia = S((THH, YF) / Si(THH, YH) = relative yield for analysis of Core Question 1 

Tio = S(THr, YH) / S(THH, YH) = relative yield for analysis of Core Question 2 

fis = S(TeH, YF) / Si(TrH, YH) = relative yield for analysis of Core Question 3 

fja = S(Ter, YF) / Si(TrH, Yr) = relative yield for analysis of Core Question 4 

aj, = total crop area on the farm in period t (ha) 

Rý = revenue = py - yj: Aj (Currency units/farm/time) 

Rigs = time-averaged revenue for question q and system s (currency units/farm) 
Cj. = production cost for period t (currency units/farm/time) 

Cjigs = time-averaged production cost for question q and system s (currency units/farm) 


C= mean of production cost averaged over all years in the current period (t = H), or the 
mean production cost for the base year (Co ) obtained from secondary data in the study area 
(if available) 


Bco = Ch/Co = normalization factor used to scale production cost survey data to the current 
period mean (note, If B. can’t be estimated, then use Boo = Byo to assume that production 
costs from survey data deviates from what is representative for the current period and costs 
are normalized by the same factor as yields; or use Beo = 1 when cost data is representative 


for the current period). 
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Gi = CW Ri = production cost relative to revenue (unit-free) 


Gigs = Cigs/Rigs = time-averaged production cost relative to time-averaged revenue for 
question q and system s 


Vit = Rit -— Ci = crop net returns for the farm (currency units/time) 
Vigs = time-averaged net returns for question q and system s (currency units) 


Bias12 = factor used to adjust RHO12 for bias (see discussion below). 


The Relative Yield Model 


We use both survey data and simulated data to represent the effects of climate change on 
productivity using the relative yield model. The idea behind this model is as follows: suppose 
we interpret system 2 as the current system being used under conditions of a future climate, 
and we interpret system 1 as the current system being used under conditions of the current 
climate. The average yield under climate change can then be related to the mean of the 
current system as Uj(THH, Yr)/ Hi(THH, YH) = rj (this is the comparison used in Core Question 1). 
We define r} as the relative yield under climate change. We assume that we can 
approximate a yield impacted by climate change by estimating rjı with crop model 
simulations as rj = S(THH, YF) / Si(THH, YH) Where Sj(THH, yF) is the time-averaged simulated 
yield for farm j under climate change, and §(THH, YH) is the time-averaged simulated yield for 
farm j in the current period climate and technology. Then we project the yield with climate 
change and technology TH aS Uj(THH, YF) = Tj + Wi(THH, YH) Where Uj(THH, YH) is the time- 
averaged yield for the current period. Since uj(THx, yH) is not observable in most cases, we 
approximate it with the observed yield from a farm survey in the current period for farm j, and 
scale the observed yields if necessary so that they represent the current period population 
mean. 


Calculating the Between-System Correlation in the TOA-MD Model (RHO12) 


The TOA-MD model requires an estimate of the correlation between the returns to each 
system (parameter RHO12 in the TOA-MD data sheet RHO). As noted above for Core 
Question 1, we estimate system 2 yields by assuming that Uj(THH, YF) = fj © Ui(THH, YH) Where 
U(THH, YH) is the mean observed yield from a farm survey in the current period for farm j. 
Note that we typically estimate Uj(THH, yn) with the observed base year yield yjo (adjusted by 
Byo if necessary). We can write base year yield as yjo = Yj(THH, YH) + €jo, Where Uj(THH, YH) iS 
the mean yield and e is a random component. The problem with the relative yield procedure 
for the calculation of RHO12 is that by correlating Yj(THH, YF) = fj Yjo with yj we overestimate 
the correlation (note, the true RHO12 is the correlation between U(THx, yF) and Yj(THH, YH), but 
our procedure gives RHO12 equal to this correlation plus rj times the variance of eo). We 
can show that the bias that results is equal to Bias12 = var[uj(THH, yH)] / var(yjo). These 
variance components can be estimated with panel data using a fixed effects model. If panel 
data are not available, we suggest using Bias12 = 0.85 which is the approximately the value 
that has been obtained from several panel datasets. 


Matched and Un-Matched Data 
Two situations may be encountered with analysis using this type of farm survey data: 


Matched Data: a crop yield can be simulated for each survey farm, for each crop in the 
system for which a crop model is available. This is true when weather and soil data can be 
associated with each survey farm, and some crop management data are included in the 
survey. 
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Data matching is possible in most cases where farm survey data are available and some 
kind of information is included in the survey to identify the survey farms’ locations. Ideally, 
the spatial identifier is the farm’s spatial coordinates (or even better, the centroids of 
individual fields). Note that when spatial coordinates are not included in a survey, they can 
be approximated with other location identifiers. For example, a legal address or village name 
may be available, and this may be used to approximate the spatial coordinates of the farm. 


It is important to note that the matching of weather and soil data to survey farms will typically 
require using the best approximation possible given available data, because farm-specific 
weather and soils data are almost never available. Nevertheless, as long as weather and 
soil data can be assigned to each survey farm through some reasonable procedure, 
the term “matched data” is used, because with the farm specific management data, it is 
possible to simulate yields for each farm. 


Un-Matched Data: a distinct crop yield cannot be simulated for each survey farm; however, 
spatially varying weather and soil data are available to run crop model simulations with 
representative management for the region. 


Note that in the un-matched case, it is possible to estimate a simulated yield distribution that 
corresponds to the population of farms represented by the survey; however, it is not possible 
to match simulated yields to the survey farms. 


Accounting for Future World Conditions: RAPs and Future Scenario Data from Global 
Economic Models 


RAPs are used to represent future conditions, including productivity trends and effects of 
future economic conditions on output prices and costs of production. Regional RAPs must 
incorporate trends (e.g. yield trends from global econ models) following the methodology 
presented below, to translate current production systems into the future conditions defined 
by a RAP. If the analysis is linked to a global pathway and economic model scenario, data 
from that scenario (e.g., prices, productivity trends) should be linked to the regional RAP and 
scenario assumptions. 


To parameterize the TOA-MD model to analyze the Core Questions, the analyst must 
construct parameters to reflect the effects of climate and adaptations on yields and costs, 
and also must adjust all other economic parameters to match the conditions of current world 
(Questions 1 and 2) or a future world defined by the RAP (Questions 3 and 4). Note that for 
Question 1, only yields are adjusted for System 2 to quantify climate impacts under current 
world conditions. For Question 2, the analysis is implemented as a technology adoption 
analysis under current world conditions. Questions 3 and 4 are the same logical structure as 
Questions 1 and 2, but are implemented with economic data projected into the future world 
conditions. 


The following parameters are used to project from current to future world conditions. They 
can be derived from model projections or RAPs as appropriate. 


T = compounded yield growth factor between current and future periods. Used to estimate 
trended parameters of system 1 for Core Question 3 (e.g. use AgMIP Reference scenario 
data from IMPACT global model). 


do: = compounded price growth factor between current and future periods. Used to estimate 
trended output price parameters. 


e duis the price growth factor without climate change and it is used to estimate 


parameters for system 1 for Core Question 3 (e.g. use AgMIP Reference scenario 
data from IMPACT global model). 
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e @ is the price growth factor with climate change and it is used to estimate 
parameters for system 2 for Core Question 3 and for system 1 and 2 parameters 
for Core Question 4. 


= compounded variable production cost growth factor between current and future 
periods. Used to estimate trended parameters of system 1 for Core Question 3 and for 
system 1 and 2 parameters for Core Question 4. This factor should be defined as part of 
the RAPs. 


Key Assumptions 


A1: The distribution of Uj(THH, yn) (the true time-averaged mean of farm j in the current 
period) is approximated by the distribution of yj in the current year t in which the spatial yield 
distribution is observed. This assumption allows us to use the observed yield in year t, 
scaled to the mean of the current period, as a proxy for Uj(THH, yn). However, since we know 
that the observed yields for each farm will vary from the average in the current period, we 
know that the projected future yields include this variation. Thus, we need to take care in 
using data from the current period. The more years of data that can be used, the more we 
can average out the individual-year variation from the current period data, and doing so 
should result in better estimates of Uj(THH, YH) and thus better projections of future yields. 


A2: For each Core Question, crop simulation biases are equal for each System. For each 
technology and climate combination, we can define the bias in the crop model, e.g., let bjy = 
Sj(THH YH) /Uj(THH, YH) for current period technology and climate. Now also define bye = s((THn, 
YF) /U\(THH, ye). If bj = Dir, then it follows that 


fit = STH, YF) / Si(THH, YH) = bje Uj(THH, Yr) jo Hi(THH, YH) = Wi(THH, ¥F)/Ui(THH, YH), 


and thus U((THH, YF) = Hj(THH, YH) rja, proving that the relative yield provides an unbiased 
prediction of the System 2 mean yield. 


A3: Giq1 = Giz. The ratio of cost/revenue is the same for both systems in the analysis. This 
assumption means that the profit margin is the same for the two systems being compared. 
This assumption provides a standardized way to project future cost based on current costs, 
or to project cost for an alternative system based on an observed system, but note that this 
assumption can be modified to fit a future situation where costs are expected to deviate from 
this relationship. 


A4: Yields in the integrated assessment region grow at compound rate T, and crop model 
simulations for the future period do not incorporate factors accounting for this growth 
between the current and future periods. In the approach presented here, we assume that 
there is an independent yield growth factor associated with technological change that is not 
accounted for in crop model simulations. 


A5: Total land (Area in the TOA-MD model) allocated to the farming system in the population 
being modeled is constant within the current and within the future time period (but not 
necessarily the same between the two periods). This assumption is based on the premise 
that data on area variation over time are not available within the current period, and are not 
modeled for the future period; alternatively, the analyst can use year-specific data if such 
information is available. 


A2.2. Calculating TOA-MD Model Parameters 


For Core Questions 1 and 2, the analysis is done assuming that the survey and other 
observational data represent the current world conditions of the analysis so set T =1, @u= 
1, dF =1, Y =1. 
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Matched Data 
Question 1 
Step MA11: Calculate the relative yields rj for each farm j = 1,...,J in the survey. 


Step MA12: Survey data observations of yj (base year) provide information to calculate the 
parameters for the historical period and historical technology (System 1): 


Ui(THH, YH) = Byo ` Yio 

Rj11 = PH: ajh > Hi(THH, YH) 
Cj = Boo - Cin 

Vin = Rj11 g Cji 


Note: recall that pis a representative price, adjusted to the historical period average as 
necessary. Byo is the normalization factor used to adjust observed yields in the data to the 
historical period population average, and Bo is used to adjust observed costs to the 
historical average. The historical period is defined as the five-year period centered as 
closely as possible on the year(s) of the economic survey data. 


Step MA13: calculate parameters with climate change for each farm in the survey data as 
follows: 


Ui(THH, Yr) = fji + Mj(Thh, YH) 


Ryt2 = PH > ajk > W(THH: YF) 


Gira = Cj11/Rj11 
Cj2 = Giz - Rina 
Vj2 = Ryrz2 — Cj2 


Step MA14: Using the data from MA12 and MA13, calculate the means for Ry, Cj11, Rj12 
and Cj12, and the standard deviations of Vj and Vj12. 


Step MA15: Calculate RHO12 as the correlation between Vj, and Vj12 times the bias factor 
Bias12. If this bias factor cannot be estimated, set it equal to 0.85. 


Question 2 


Step MA21: Calculate the relative yields r,2 for each farm j = 1,...,J in the survey. 


Step MA22: Survey data observations of yj (base year) provide information to calculate the 
parameters for the historical period and historical technology (System 1): 


Ui(THH, YH) = Byo - Yio 

Rjat = PH: ajh -+ Wy(THH YH) 
Cja1 = Bco < Cin 

Viz = Rj — Cjat 
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Note: these are the same calculations as step MA12. 


Step MA23: calculate parameters with adaptation for each farm in the survey data as 
follows: 


Mi(THE, YH) = Tj2 + Uj(THH, YH) 


Rize = PH + iH» Hi(THFs YH) 


Gj22 = Cjai/Ri21 
Cj22 = Gj22 - Riza 
Vi22 = Rj22 — Cj22 


Step MA24: Using the data from MA22 and MA23, calculate the means for Rj21, Cj21, Rize 
and Cjz22, and the standard deviations of Vj21 and Vj22. 


Step MA25: Calculate RHO12 as the correlation between Vj2; and Vjz22 times the bias factor 
Bias12. If this bias factor cannot be estimated, set it equal to 0.85. 


Question 3 
Step MA31: Calculate the relative yields rj for each farm j = 1,...,J in the survey. 


Step MA32: Survey data observations of yj (base year), RAPs, and global economic models 
provide information to calculate the parameters for the future period without climate change. 


Hi(TeH, YH)= T- yi(THH, YH) = T- Byo - Yio 
Rjst = H > PH: je + Wi(TFH YH) 

Cjs1 = Y - Boo + Cin 

Gai Suing 

Ye Rja1 — Csi 


Step MA33: calculate parameters with climate change for each farm in the survey data as 
follows: 


(TH, Yr) = Tja + Hi(TFH, YH) 


Riso = @ - Pu: ajf + Hj(Trh, YF) 


Gjs2 = Gist 
Cj32 = Gj32 A Riaz 
Vj32 = Rj32 = Cj32 


Step MA34: Using the data from MA32 and MA33, calculate the means for Rj31, Cj31, Riaz 
and Cj32, and the standard deviations of Vj3; and Vjs2. 


Step MA35: Calculate RHO12 as the correlation between Vj3; and Vj32 times the bias factor 
Bias12. If this bias factor cannot be estimated, set it equal to 0.85. 


Question 4 


RA 
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Step MA41: Calculate the relative yields rj for each farm j = 1,...,J in the survey. 


Step MA42: Survey data observations of yj (base year), RAPs, and global economic models 
provide information to calculate the parameters for the future period without climate change. 


Hi(TFH, Ye) = Tja > Hi(TFH YH) 


Ryat = De + PH: ajf + Ui(TeH, Ye) 


Gia = Gist 
Cia = Gju - Rj 
Vja = Riat — Cj 


Note: these are the same calculations as used for Question 3, System 2. 


Step MA43: calculate parameters with climate change for each farm in the survey data as 
follows: 


(Ter, Yr) = Tja + Pj(Trh, YF) 


Riyaz = Dr > Pu: ajf - Mj(TrF, Ye) 


Gja2 = Gijs 
C2 = Gja - Rigo 
Vja2 = Rja2 m Cja2 


Step MA44: Using the data from MA42 and MA43, calculate the means for Rja1, Cja1, Rja2 
and Cj42, and the standard deviations of Vj41 and Vjaz. 


Step MA45: Calculate RHO12 as the correlation between Vj41 and Vj42 times the bias factor 
Bias12. If this bias factor cannot be estimated, set it equal to 0.85. 


Multiple Activities 


For systems with multiple activities, we apply the above calculations to each system. In 
addition, we need to estimate the within-system correlations between the returns to the 
activities. With matched data we can calculate the within-system correlations for system 2 
the same way as for system 1 (i.e., by using the survey data to estimate the within-system 
average correlation between activities). For unmatched data, we typically assume that 
within-system correlations are the same for systems 1 and 2. 


For trend calculations, yield trends for major crops from global models are used as the 
starting point, with adjustments to regional conditions as appropriate. Minor crop trends 
should be defined by the team based on the major crop trends. Livestock trends should be 
based on global model trends for milk and meat as appropriate, adjusted to regional 
conditions. 


57 


Appendix A 205 


Yield or 
value 


Yield or 
value 


H Q3 


eae a3 


time 


current future 


current 


Figure A2.1. Overview of core climate impact questions and the production system states that will be simulated, 
as in Figure 1, but contrasting situations where climate change has a detrimental impact (left) with those in which 


climate change has a beneficial impact (right). 


System 1 System 2 Key Outputs 
TAN A % gainers & losers and net impacts 
Question #1 Production system in Production system in % change in mean farm income 
Current Period with Current Period with % change in per capita income 
Current climate Future Climate % change in Poverty rate 
A S Adoption rate (%) 
7 x r % change in mean farm income 
Question #2 Production system in Adapted Production system % change in per capita income 
Current Period with in Current Period % change in Poverty rate 
Current climate 
O : O , % gainers & losers and net impacts 
Production system in Production system in % change in mean farm income 
R Future Period with Future Period with % change in per capita income 
Question #3 Current climate Future Climate % change in Poverty rate 
Productivity and price Price trends with climate 
trends with no climate Change and RAPs 
Change and RAPs 
O E Adoption rate (%) 
% change in mean farm income 
r Production system in Adapted Production system | % change in per capita income 
Question #4 Future Period with in Future Period with % change in Poverty rate 
Future Climate Future Climate 
Price trends with climate Price trends with climate 
Change and RAPs Change, RAPs and Adaptation 
Package 


Figure A2.2. Overview of core climate impact questions and the production system states that will be simulated 
and key economic components and output indicators for TOA-MD simulation runs. 
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User’s Guide to Crop Model Simulations 
for Regional Integrated Assessments 


K. J. Boote, C. Porter, C. Villalobos, J. Hargreaves, J. Antle, R. Valdivia, and J. W. Jones 


December 3, 2012 
revised June 11, 2015 


Managing and Documenting Crop Model Inputs 


The crop model simulation sets required to answer the four Core Research Questions for the Regional 


Integrated Assessment are listed below and shown graphically in Figure A3.1. 


e Calibration. Use 


sentinel site datasets Duena 
y a experiments CM1 - Current Climate, 
to calibrate cultivars T Current Production System 3 z J 
z irrent climate d 
appropriate for the Calibration eee a cosa / 
r + Future mate, 
region. T Current Production Systems 
e CMO- Historical. A Calibrated 


simulation of the 
conditions under 
which the farm 
survey data were 
collected is typically 
performed for 
duration of one to 
two years and uses 
observed weather 


Integrated Assessment 


cultivars CM3 - Current Climate, 


Adapted production system 


CM4 - Current Climate, 
Future autonomous 
production system (RAP) 


CM0 - Historical 
simulation 


CM5 - Future Climate, 
t Future autonomous 
production system (RAP) 
Survey data 
(base year) 
CM6 - Future Climate, 
Future autonomous (RAP) + 


Seasonal Strategy 


Linkage files 


Field overlay 

data for each site. (tend seal 
The comparison of 
observed to 
simulated yields 
from the historical 
simulation allows researchers to evaluate the models and input parameters, and to compute biases and 
probability of exceedance. This is the only simulation for which comparison to observed yields is relevant. 

e CM1-Current. Simulation of the current climate and current production system uses 30 years of weather 
data based on current climatology. (Done for each farm in the survey if satisfactory fit to survey yields is 
achieved with available input data, OR for sets of inputs that represent different categories of farm yields. 
In the latter case, farm yields in each category cannot be differentiated by the information available as 
model inputs. 

e CM2- Future. Simulation of future climate scenarios with the current production system. A separate 
simulation is done for each future climate scenario for each farm. 

e CM3- Current, with intervention. Simulation using current climate, but with a management system 
which is specifically designed for climate adaptation. A separate simulation is done for each intervention 
package. Intervention may be novel or related to adaptation package used in CM6. 

e CM4-Current, RAP. Simulation using current climate, but with a management trend which includes 
production technology change corresponding to a particular RAP. A separate simulation is done for each 
RAP. 

e CM5- Future, RAP. Simulation using future climate scenarios, but with a management trend which 
includes production technology change corresponding to a particular RAP. A separate simulation is done 
for each future climate scenario / RAP combination. 

e CM6- Future, RAP, adapted. Simulation using future climate scenarios, a management trend 
corresponding to a RAP, and with management changes which are specifically designed for climate 
adaptation. A separate simulation is done for each future climate scenario / RAP / adaptation 
combination. 


Figure A3.1. Crop model simulation sets required for Regional Integrated 
Assessments 
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e Full GCM simulations. Examine the full GCM ensemble for a single, best-calibrated and representative site 
in each integrated assessment region (these latter results will not be passed on to economic analysis; also 
not shown in Figure A3.1). 

e CTWN sensitivity test simulations — single farm, 30 years; one at a time vary CO2, Tmax/Tmin, rainfall, 
fertilizer N over a range for each variable. 

CO, — 360, 450, 540, 630, 720ppm (run for high and low N) - 10 simulations 

Tmax/Tmin - -2, 0, +2, +4, +6, +8 oC — 6 simulations 

Rainfall — 25%, 50%, 75%, 100%, 125%, 150%, 175%, 200% - 8 simulations 

Fertilizer N — 0, 30, 60, 90, 120, 150, 180, 210 kg/ha — 8 simulations 


O 


ie) 
O° 
a 


Each simulation is carried out through some combination of survey data, soil data, current and future weather 
data, assumed model inputs, and hypothetical management regimens. Data types used for these analyses are 
listed in Table A3.1 and described in the paragraphs below. All data are input to QuadUI, a data translation 

utility which provides the following functions: 


(1) Translates the data to harmonized format, which can then be archived on the AgMIP Crop Site Database 
(data.agmip.org). 
(2) Translates the data to model-ready formats for multiple crop models 
(3) Generates metadata which fully describe the simulation and data used to generate model input files. These 
metadata are passed along to ACMOUI and are included in harmonized crop model output (ACMO) files. 
Table A3.1. Description of data files used by AgMIP IT tools to create multiple crop model input files. 
Data type File type Description File Formats 
Observed field SUVS date for use in Excel Spreadsheet, one line per field, which 
creating multiple model inputs. K : . : Mipi 
n 5 is exported to a zip archive (*.zip) containing 
Raw data Survey_Data Survey data include experimental nnd ig j 
dnd managemieńt data inone'file comma-delimited (*.csv) files for import and 
i h 3 translation 
and soils data in a separate file. 
. 2 r Various formats including .AgMIP, csv, and 
Raw data Weather Daily weather data for nistoriçal; DSSAT WTH files, compressed into a zip 
current or future climate scenarios 5 ar 
archive (*.zip) file 
Model-specific cultivar parameter 
Raw data Cultivar File cee” Model-specific formats, in zip archive (*.zip) 
directory. 
Data and parameters needed by Excel Spreadsheet, which is exported to a 
DOME Field_Overlay crop models, but which were not zip archive (*.zip) containing comma- 
recorded in the field survey data delimited (*.csv) files 
Used to set conditions for multi-year 
model simulation of current or Excel Spreadsheet, which is exported to a 
DOME Seasonal_Strategy alternative management practices zip archive (*.zip) containing comma- 
for current or future weather delimited (*.csv) files 
scenarios. 
Used to set conditions for multi-year 
model simulation of crop rotations, |Excel Spreadsheet, which is exported to a 
DOME Rotation_Strategy having just one set of initial zip archive (*.zip) containing comma- 
conditions at year 1 (under delimited (*.csv) files 
development) 
Used to assign one or more DOMEs 
Linkage Linkage to each entry in the farm survey Comma delimited (csv) 
data. 
AgMIP Crop Model |Summary of crop model simulation outs 
ALO Output file metadata and simulated results. Comme delimited tem 
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Raw data include survey data, soil data, weather data and cultivar parameters. The survey data are measured 
at individual sites and stored in a Survey_data file, typically one line per site / season observation. Data include 
metadata regarding the site location; management data including planting, irrigation, fertilization and 
harvesting; and observations of crop growth and development, including harvested yield and dates of anthesis 
and harvest. 


Microsoft Excel files are generally used to collate and organize the survey data and to convert units to conform 
to AgMIP standards. Table A3.2 lists the data that are typically provided in this file. Generally, household survey 
information includes crop yield (on field moist weight basis and needs to be converted to dry wt basis), some 
management information, and economic data on a per farm-field basis. Data templates are available, as 
described below. 


Site-specific soil profile information is bundled with the farm survey data, in a separate worksheet, as shown in 
the survey data templates. 


Weather data are stored separately to facilitate re-use of the survey data for multiple climate scenarios, 
including current climate conditions. These data can be entered in a spreadsheet using the ICASA notations, or 
supplied in .AgMIP format or DSSAT WTH files. 


Model-specific cultivar parameters, from the calibration step, should be supplied with the raw data. These are 


not converted to harmonized format, but are passed through to the crop model simulation data directory in the 
formats required by each model. 


Table A3.2. List of variables typically found in the household survey data that can be input to crop models. 


Survey data variable Units ICASA Variable Name 
Field/Farm name EXNAME 

Field overlay name(s) FIELD_OVERLAY 
Seasonal strategy name(s) SEASONAL_STRATEGY 
Latitude dec. degrees FL_LAT 
Longitude dec. degrees FL_LONG 
oo identifier to link to site WST_ID 

Soil profile identifier SOIL_ID 
Planting date yyyy-mm-dd PDATE 

Crop ID (see list of codes above) code CRID 

Total seasonal N applied kg[N]/ha FEN_TOT 
Manure/Organic matter applied kg[DM]/ha OMAMT 
Harvest date yyyy-mm-dd HDATE 
Harvest yield (dry wt) kg[dry]/ha HWAH 
By-product removed at harvest as dry wt kg[dry]/ha BWAH 
Indicates whether the field has been irrigated YorN IRRIG 

Notes (as desired, optional) TR_NOTES 
Survey data variable Units ICASA Variable Name 


DOME data. Invariably, some required crop model inputs are not measured and must be assumed. Some 
crop models have internal assumptions that provide missing inputs but these are “hidden” from users, they 
vary across models, and they are not likely to be relevant for all regions where the models will be applied. In 
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addition, the hypothetical simulation sets (CM1 through CM6) make use of observed management, soil, and 
climate, but modify some of these factors to evaluate climate variability effects at a location, to assess impacts 
of future climate, and to evaluate hypothetical management options. The “Data Overlay for Multimodel 
Export”, or DOME, is a file type that is used by AgMIP translation tools to provide additional data used by each 
crop model to simulate crop growth and yield. Table A3.1 describes different types of DOME files currently 
implemented by AgMIP IT tools. All DOME functions are documented on the AgMIP research site at 
research.agmip.org/display/itwiki/The+DOME. 


The Field_Overlay DOME is used to supply the needed inputs that are missing so that all of the models make 
use of the same regional or site-specific assumptions. For example, data collected in regional surveys may not 
include planting density or initial soil water content. Adding these data to a field overlay DOME maintains the 
integrity of observed values, clearly documents assumptions made for simulation analyses, and ensures 
consistency across crop models for multi-model applications. My observation was that these inputs were often 
selected at values very much at odds with the target yield to be simulated. 


A second type of DOME, the Seasonal_Strategy file, is used to provide information needed to create synthetic 
simulation experiments which use multiple seasons of weather data. These files provide information for 
controlling simulations for multiple years. 


Combinations of Field Overlay and Seasonal Strategy DOMEs can provide information to set up baseline 
management and climate simulations over multiple years, and to set up management associated with 
Representative Agricultural Pathways (RAPs) or climate change adaptation analyses. In these cases, the soil, 
climate, and management regimens in DOME files would override existing recorded management and replace 
those data with the prescribed regimen. 


Linkage files are used to associate each entry in the survey data (farm site and season) with one or more 
DOMEs. The QuadUI utility reads the The Field_Overlay and Seasonal_Strategy DOME files are combined with 
archived survey data (Survey_Data files) and used by the data translators to produce model-ready crop model 
input files for multiple crop model. DOMEs are applied in the order listed in the linkage file (each DOME name 
separated by a “|” symbol). 


ACMO files contain a select set of outputs from crop simulations, with metadata describing the simulation. 
The ACMOUI application is used to generate ACMO files. Current ACMO translators are available for DSSAT and 
APSIM. 


Data templates for survey and DOME inputs are available for download from the AgMIP GitHub site 
(github.com/agmip/json-translation-samples). These templates contain headers which correspond to variables 
in the ICASA Master Variable list for which precise definitions and units are listed. Definitions and units are 
replicated in the templates as comments to help guide the user to the correct form of the input data. Templates 
can be extended to include additional survey data by consulting the complete list of ICASA variables at 
www.tinyurl.com/icasa-mvl . The short name “Code_Display” is recognized by the AgMIP input translators for 
each ICASA variable. 


Dome functions can be added to the DOME templates as needed. These functions are documented fully on the 
AgMIP research site at http://research.agmip.org/display/itwiki/The+DOME . 


Examples of data which have been formatted into MS Excel files, then translated to harmonized format can be 
found on the AgMIP GitHub site (github.com/agmip/json-translation-samples). In each sample folder, raw data 
are stored in a “Raw” sub-folder. 


Software for AgMIP RIAs 


All AgMIP software tools are developed as open source projects. Applications can be downloaded from 
tools.agmip.org/ and source code from github.com/agmip. 


QuadUI is a desktop utility that reads survey, cultivar, weather, DOME and linkage files and translates to model- 
ready formats. In addition to model input data, the utility produces aceb, dome and alnk files, ready for 
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archiving in the AgMIP Crop Site Database. An ACMO metadata file is produced, which is used by ACMOUI to 
produce ACMO files. 


ACMOUI combines the output files produced by crop models with the ACMO metadata created during the data 
translation phase by QuadUI and produces an ACMO.csv file. These files can then be archived on the Crop Site 
Database and are permanently linked to the survey data, DOMEs, weather data and cultivar files used to 
produce the outputs. 


ADA is a Windows desktop utility which converts Microsoft Excel files into comma-delimited files (one per 
worksheet), zipped and ready for input to QuadUI. 


AgMIP Workbench. This tool helps the AgMIP RIA crop modeler to validate each crop simulation dataset 
(consisting of a crop-region combination) and package these data for archive on the Crop Site Database. 


Aceb Viewer allows the user to see data in the harmonized aceb files. 


AgView is an application which performs various plotting functions for RIA, including box and whisker plots for 
Core Question visualization, CTWN plots, historical analysis plots (probability of exceedance) and variable 
correlation scatter plots. 


AgMIP Climate scenario generation tools is a group of R scripts to generate scenario climate data file for crop 
model simulation. 


Directory structure 


The following list shows the recommended directory structure for each RIA crop modeling dataset, representing 
a single crop in a single region. This pattern should be followed for each crop - region combination. For each 
crop, data should be organized by the seven crop simulation data sets required in the Regional Integrated 
Assessment (labelled CMO through CM6 below). 


CM0-Historical 

a) Survey data contains survey data plus soils data. Weather data are provided separately. There should 
be only one set of survey data which are used without modification for all analyses including future 
scenarios. 

b) Field overlay. The data should be sufficient to allow simulation of historical conditions for multiple 
models. Typically, the field overlay DOME for historical conditions will be re-used without 
modification for all simulations. Additional field overlay DOMEs may be added for hypothetical 
management inputs for RAPs and adaptation packages. 

c) Linkage 

CM1-Current -This data set uses the survey data and field overlay of the Historical simulation. 

a) Seasonal Strategy 

b) Linkage 

CM2-Future -This data set uses the survey data and field overlay of the Historical simulation. Sub-directories 
may be used for each climate scenario. 

a) Seasonal Strategy. The Seasonal Strategy DOMEs used to simulate future climate conditions and 
current management should be the same as for simulation set CM1, except that the climate ID and 
the atmospheric CO; levels are specified for each climate scenario modeled. There will be one 
seasonal strategy file for each climate scenario 

b) Linkage. A separate linkage file is needed for each climate scenario to connect survey data to the 
appropriate DOMEs. 

CM3-Current, adapted -There should be one directory for each climate adapted management package (e.g., 
CM3-A1, CM3-A2, etc.). Adaptation packages for current climate conditions may differ from those for 
future climate scenarios. Modifications to the survey data for climate adapted management should be 
done through DOMEs. 

a) Field overlay (optional) DOMEs may be needed to modify data originally provided in the survey data 
to impose management elements of the adaptation package. These could be used to indicate changes 
to soil properties or to use different cultivars. Separate soil data may need to be provided, but these 
should be given unique SOIL_IDs, separate from the original data. (For example, drought resistant 
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cultivar traits have been simulated by using modified soil traits. In this case, the soil ID should be 
different than the original soil data.) Modified cultivar data should be included in the separate model- 
specific cultivar data directory with unique names. 
b) Seasonal Strategy (optional) It may be possible to re-use the CM1 Seasonal strategy files, depending 
on the adaptation package modeled. 
c) Linkage 
CM4-Current, RAP —Multiple RAPs should be handled in separate directories (e.g., CM4-RAP1, CM4-RAP2, 
etc.). 
a) Field overlay (optional) - 
b) Seasonal Strategy (needed) It may be possible to re-use (modify) the CM1 Seasonal strategy files, 
updating for management depending on the RAP package modeled. Current climate. 
c) Linkage 
CM5-Future, RAP —Data relevant to each RAP scenario should be maintained in separate directories (e.g., 
CMS5-RAP1, CM5-RAP2, etc.). Under each RAP directory, multiple climate scenarios may be stored in 
separate folders. 
a) Field overlay (optional) 
b) Seasonal Strategy (needed) Must use the same as the CM4 Seasonal strategy file, which specifies 
management depending on the RAP package modeled. But using future climate. 
c) Linkage 
CM6-Future, RAP, adapted —Data relevant to each RAP / Adaptation scenario should be maintained in a 
separate directory (e.g., CM6-RAP1-A1, CM5-RAP2-A2, etc.). Under each RAP directory, multiple climate 
scenarios may be stored in separate folders. 
a) Field overlay (optional) 
b) Seasonal Strategy (needed) Start with the CM5 Seasonal strategy file, which specifies management 
depending on the RAP package modeled, but modified to a climate-adaptation. Uses future climate. 
c) Linkage 
CTWN - Sensitivity Analysis files. This analysis is done using a single farm survey and the same field overlay, 
linkage, and seasonal strategy files used in the CM1 analysis. 
a) Single farmer survey file 
b) CTWN batch DOME 
Weather — All weather data should be put in a separate weather directory. Simulation data sets CMO, CM1, 
CM3 and CM4 share the current climate conditions weather data. (The exception to this rule is when the 
surveyed data year falls outside the 1980 — 2010 range of the current climate weather data and the 
historical simulation data set will have a separate weather file.) Each weather data file should contain the 
climate ID. Sub-directories may be used to separate climate scenario data if many weather stations are 


used. Note that QuadUI accepts climate data in = = — 
comma delimited format (csv), .agmip format |I D © = | WinZip - Cultivarszip gon =" 


and DSSAT WTH format; data must be in zip E- | Home | Backup Tools Setting Layout | Help | Upgrad @ 
archive regardless of format provided. k X Delete 
Cultivar — Model-specific cultivar data files should $B Unzip Options + Z &. Rename 
R n P " i 4 Open Select 
be put in a cultivars.zip file with an internal Unaip Entire Winzip File | wane |e OS New Folder 


directory structure which reflects each 
appropriate model, as shown in the WinZip 


example in Figure A3.2. DSSAT cultivars must Risdeess) spsim_specific\ y 3 Oa- o 
be put in a folder “dssat_specific” and APSIM Folders X Name a 
cultivars must be put in a folder $ [Cultivars.zip] AA 
“apsim_specific”. J apsim specific 
d dssat specific 
‘ m , 
File naming conventions Folder: apsim_specific Total 2 files, 151KB 60 


In order to keep track of the many different 
management and climate scenarios modeled, the 
following file naming conventions should be used 
so that each data file fully describes its contents 
and the correct file can be chosen for each translation and simulation. 


Figure A3.2. Organization of model-specific cultivar data ina 


zip file. 


Crop modeling data: 
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File_type-Region-Crop-ClimID-RAP_ID-MgmtID.ext 

Examples: 

Survey_data-REG1-Maize.xlsx (measured field conditions do not include climate or management id) 
Field_Overlay-REG1-Maize.xlsx 

Seasonal_strategy-REG1-Maize-4IFA-0-0.xlsx (current management) 
Seasonal_strategy-REG1-Maize-4|FA-0-A2.zip (adaptation scenario) 
Seasonal_strategy-REG1-Maize-4IFA-R4-A1.zip (RAP and adaptation scenario) 


ACMO File Naming Convention: 
ACMO-Region-Crop-ClimID-RAP_I|D-MgmtID-CropModel.csv 


Example: 
ACMO-REG1-Peanut-4IFA-R5-A2-DSSAT.csv 


These files are automatically named by ACMOUI. 


Metadata 

The final product of the crop simulations are the ACMO files. These files will be archived in the Crop Site 
Database and made available for download or for use in analysis and visualization in the AgMIP Impacts 
Explorer. Complete metadata to describe each simulation must be included in the ACMO files and these 
metadata are passed through from DOME files. These metadata are particularly important to identify the 
climate ID for all climate scenarios and the management ID for the adaptation packages. The Climate ID will be 
assigned in accordance with the Climate Team protocols and should match the names of the daily weather 
files generated by the Climate Team. The MAN_ID metadata variable must be used to distinguish between 
current management and adaptation packages. For scenarios which do not include an adaptation package, 
MAN_ID should be left blank. Similarly, for scenarios with no RAPs, the RAP_ID should be left blank. The 
Region, MAN_ID and RAP_ID values must be co-developed with the Economic modeling team such that crop 
modeling metadata and filenames are associated with the corresponding TOA-MD metadata and filenames. 
Table A3.3 lists metadata associated with each DOME file. 


Table A3.3. Metadata included in DOME “INFO” section: 


Metadata Sample value | Definition 
REG_ID REG1 Region name 
STRATUM 2 Assigned by econ modeling teams 


Code for RAP being modeled (leave blank if no RAP). Note that the crop models use 
integer values to identify RAPs, but the economic models may use variations, such as 


RAP_ID 4,5 5.1 and 5.2. 

Code for climate adaptation package being modeled (leave blank if no adaptation 
MAN_ID package) 
RAP_VER Version code for RAP ID (leave blank if no version) 
CLIM_ID IKFA Climate ID for scenario being modeled 

Short descriptive text for this DOME file (important if there are multiple DOMEs for 
DESCRIPTION P1 this scenario) 


The DOME name is derived from the values of metadata provided. In this case, the DOME name used in the 
linkage file would be “REG1-2-R4---IKFA-P1”, which is the concatenation of all metadata fields, separated by 
hyphens. Because of this DOME naming convention, it is important that hyphens are not used in the 
metadata values (i.e., “P1”, not “P-1”). 


Procedures for Creating Crop Model-Ready Input Files for Survey 
Fields 


Start with generating data for the historical simulation (CMO) which is the simplest case and uses the survey 
data and a field overlay, but no seasonal strategy DOME. An iterative procedure is usually required to get the 
correct format and units for the survey data and sufficient field overlay information to produce reliable 
simulations for multiple crop models. 
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A crop model simulation “roadmap” can help track which files are used for each simulation set. An example is 
provided in Table A3.4. In this case the base survey data and field overlay DOME are used for every simulation, 
without modification. Weather data are supplied based on the climate scenario being modeled. Each 
simulation, except the historical simulation, requires a seasonal strategy DOME to generate multi-year 
simulations. Each simulation requires a linkage file to link the survey data to the appropriate DOMEs. The table 
also lists the associated folder in which the file resides, so that the crop modeler can easily find the file when 
running QuadUI for data translation. 


Additional field overlay DOMEs can be used to describe management imposed by a RAP or an adaptation 
package. In this example, additional field overlay DOMEs were used for the CM3 adapted management for 
current climate conditions, the future technology management associated with a RAP (CM4, CM5 and CM6), 
and with the future climate adaptations (CM6). 
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Table A3.4. Sample “roadmap” of files used in Crop Modeling analyses. The survey data and field overlay files are used in all simulations. 


CMO CM1 CM2 cM3 cM4 CM5 CM6 
Historical Current Future Current, Current, Future, Future, 
RAP RAP RAP, 
File Name Adapted Adapted 
Survey_data-Region-MAZ.zip X X X X X X X 
Weather-Region-OXFX.zip X X X X 
Weather-Region-IxFA.zip X x X 
Field_Overlay-Region-MAZ.zip xX X X X X X X 
Field_Overlay-Region-MAZ-OXFX-0-Ax.zip (optional) (X) 
Field_Overlay-Region-MAZ-O-Rx-0.zip (optional) (X) (X) (X) 
Field_Overlay-Region-MAZ-X-0-Rx-Ax.zip (optional) (X) 
Seasonal_strategy-Region-MAZ-0XFX-0-0.zip X X X 
Seasonal_strategy-Region-MAZ-IxFA-0-0.zip X X X 
Seasonal_strategy-Region-MAZ-OXFX-0-Ax.zip (optional) (X) 
Seasonal_strategy-Region-MAZ-IxFA-Rx-0.zip (optional) (X) (X) (X) 
Seasonal_strategy-Region-MAZ-IxFA-Rx-Ax.zip (optional) (X) 
Linkage-Region-MAZ-historical.csv X 
Linkage-Region-MAZ-0XXX-0-0.csv X 
Linkage-Region-MAZ-IxFA-0-0.csv X 
Linkage-Region-MAZ-OXFX-0-Ax.zip X 
Linkage-Region-MAZ-OXFX-Rx-0.zip X 
Linkage-Region-MAZ-IxFA-Rx-0.zip X 
Linkage-Region-MAZ-IxFA-Rx-Ax.zip X 
Climate_Batch.csv X X X 


Notes: For current climate conditions, CLIM_ID = “OXFX” (for this sample). 
For future climate scenarios, CLIM_ID is represented generically as “IxFA”, where the “x 


ayn 


Red highlight indicates files that are repeated for multiple Climate scenarios / GCMs. 


represents the GCM used for the analysis. 


Adaptation scenarios are Identified by “Ax”, which represents the ID of the adaptation package. 
All file names use the convention: File_type-Region-Crop-ClimID-RAP_ID-MgmtID.ext 
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Figure A3.3 presents the workflow for producing a single simulation dataset for the AgMIP Regional Integrated 
Assessment. The steps correspond to the more detailed descriptions below. In summary, raw data, weather data, 
linkage files and DOME files are used as inputs to QuadUI, which translates the data, first to ACE format, then to model- 
ready formats for multiple models. Model simulations are done manually. ACMOUI is run to gather crop model outputs 
and generate harmonized ACMO files, using the ACMO metadata file created by QuadUI. 


A AgMIP Research Teams PN 
Raw data: 
* Site data 
* Soils data 
* Cultivar parameters 
Steps 1 
&2 
Step 3 
AgMIP Data Interchange 
Step 4 
Step 5 


Figure A3.3. Schematic data flow diagram for AgMIP RIA Crop modeling data translation using QuadUI and ACMO UI 


applications . 


Step 1. Gather, assemble and enter data (survey and expert) 
e Download data translation tools from http://tools.agmip.org/ 


o 


ie) 
Oo 
ie) 


QuadUI — desktop application for data translation 

ADA - converts from Excel to csv format for import to QuadUI 

ACMO_UI-converts model output to ACMO format 

Sample spreadsheet templates for survey data and DOME data ICASA Variables List- list of variables to extend 
the survey data template, if needed (http://tinyurl.com/ICASA-MVL) 


e Enter survey data into one of the survey data templates, Additional columns can be added to the survey data import 
template for those data. Note that dates are entered using ISO compliant format: YYYY-MM-DD. Note also the units 
for all variables. Conversions can be done in the spreadsheet, and unneeded data “commented out” as shown in the 
template files. 
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e If some data are missing, one or more Field Overlay templates should be used to FILL in the missing data (examples 
are dates of N fertilization or manure application). There can be multiple field overlays, if soils and soil initial 
conditions vary across farms. 

e Visit with Soil Scientist experts from the region: Find the appropriate soil for each farm (linking to latitude-longitude 
or village information), and enter the soils information by soil layer in the soil tab in the Survey_Data file. The soil 
name is also listed in the field section of the Survey_Data file. 


Step 2. Save Survey_Data and Field_Overlay Data to csv EB aomir Quan ut 
format File 
e Using the ADA utility, save Survey_Data, and field Translation a 
overlay sheets in comma delimited (csv) format. Source Data To Convert: 
Caution: Do not open the *.csv files again with Excel, ¥ Survey or Experiment Data: (i 
as they ARE NOT true spreadsheets and do not C:\CGRA data\Ghana\Navrong) | Browse 
correctly convert back into the correct date formats. v| Weather Data: G 


C:\CGRA data\Ghana\Navrong Browse 


Step 3. Translate data files to model-ready formats sacokivenDater G 


e Run QuadUI by double-clicking on the QuadUI.bat SNCGRA/derenand\ atrono] (aaa 
A p v Soil Data: 7 
file. Respond to the on-screen requests for location 


A R i‘ A C:\CGRA data\Gh. NN: Bro 
of the following data as depicted in Figure A3.4. a—r——=—=—=—~_ we 


o survey data (zipped csv), IE 
o weather data (zipped csv, .AgMIP or WTH files), a Enipi@ Heid Gvetay @Soascnai’Stieteay 
o cultivar data (optional, zipped model-specific Field Overlay File: G 
files), C:\CGRA data\Ghana\Navrong Browse 
o soil data (optional, zipped csv), Strategy File: G 
o field overlay DOMEs (optional, zipped csv), C:\CGRA data\Ghana\Navrong | Browse 
o seasonal strategy DOMEs (optional, zipped csv), Link DOME File: G 
o DOME linkage files (csv, not zipped) C:ACGRA data\Ghana\Navrong | Browse 
o Batch DOME file for translating multiple GCMs or vi Provide linkage file for DOME @ 


Batch DOME File: @ 


for CTWN sensitivity analyses. 
o Output file location (optional) 
e QuadUI will generate files for running crop models, 
i.e., Files X, A, SOIL.SOL, *.CUL, *.WTH for DSSAT, and hel cari 
-APSIM and met files for APSIM. In the case of DSSAT sa eed 
or APSIM, simulations can be run by double-clicking See ae 


Provide batch file for multiple translations @ 


Output to: Ouput options: 
the DOS batch file that is created with the PERTE Information x 
translations. Warsi 
Sarrah Z| Translation completed 

Step 4. Check and correct missing/invalid model input ed =~ 
data and run simulations cropa| Be 
e Run the crop model. FISON = ; 
e Troubleshooting = 

o DSSAT: Look at the Error.OUT and the Convert 


X 
Warning.OUT files. 


o APSIM: Load the simulation and view the log. n|, 
Also review the *.sum files. Figure A3.4. QuadUl screenshot showing selection of raw data, 


o Look for missing climate or cultivar files found DOME data, Linkage file, Output directory and Model formats. 


[Version 1.3.8-final(release) | 


o Look for missing data such as sowing date or 


plant population. Typically this means that these were not supplied in the DOME or that the linkage file does 
not correctly link the field overlay to the experiment or field. 
o Revise the Survey_Data and Field_Overlay files as needed. 
e Evaluate the outputs. In DSSAT, look at the Evaluate.Out file which will list both the simulated and the observed 
yield. In APSIM, there is a single line output for each simulation. The APSIM-simulated yield values will need to be 
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aggregated (assembled) into one file. The observed yields are in the Survey_Data file and will need to be matched 
per field. 


Step 5. Create AgMIP Crop Model Output (ACMO) File for use by Economic Team Members 

The ACMO file is partially created by QuadUI at translation time in the form of the ACMO_meta.dat file which contains 
metadata and key input data for all of the survey farms. Running ACMOUI, a desktop utility, will complete the ACMO file 
with the selected crop model simulated outputs. 


Note that the ACMO files contain raw simulated results for each field, not aggregated or adjusted in any way. This will 
ensure integrity of both inputs and model outputs. 


Notes on Use of Field_Overlay Files 
e Function and Purpose of multiple Field_Overlay files 
o Fill in data required by crop models but are rarely available in farm survey data, such as initial soil water, initial 
soil nitrate and ammonium, soil organic carbon pools (SOM3 for DSSAT-CENTURY, and inert SOC for APSIM), 
and rooting depth. 

o Fillin needed data missing from farm survey, such as root residue from prior crop, surface residue from prior 
crop, sowing date, sowing depth, plant population, amounts and dates of fertilizer or manure applied. 

o Link to cultivar ID and model specific cultivar ID 

o Set automatic sowing rules for each field in the survey, if planting dates were not recorded. 

e Where to get Field_Overlay information? First, DO NOT use crop model defaults, as the model defaults may be 
incorrect for your location and differ among crop models. Often defaults use zero or unity values when not 
appropriate and these are not region-specific. Secondly, this must be done in close collaboration with local 
agronomists and soil scientists who know production practices for the crop and region in question. 

e Translating RAPS into management DOMEs (RAPs can led to improved crop and soil management practices 
including improved genetic technology). Specifics include: 

o  Auto-sowing, possibly modified for earlier/shorter sowing window because of better machinery 

changed plant population, 

improved or alternative crop cultivar, 

changed N fertilization, 

increased prior root and surface residue (because of better fertilization-population-cultivar) 

other adaptation strategies, as needed 

ranges of likely missing input information. 

Soil survey information (linking to latitude-longitude coordinates for field). 

Country-wide statistics (amount of N fertilization per hectare). 

Soil organic carbon and SOM3 (or inert SOC) pools to mimic the low non-fertilized non-legume yields for the 

region (requires knowledge of unfertilized yield for region). Take the mineral nitrate and ammonium from the 

values simulated at the end of the “prior” season. 

o Make sure that the assumed values that you use in the Field_Overlay file are consistent with all of the expert 
knowledge and soil survey information, and document how these values were developed. 


oooo0o0o0o0090 


Notes on Use of Seasonal Strategy DOMEs 

A Seasonal_Strategy DOME file allows the single year survey data to be used for multi-year simulations for current and 
future climate scenarios, both with and without RAPs and Adaptation Packages. Examples of DOME functions for 
seasonal strategy are: 

e Auto-sowing rules, 

e Links to future scenario Climate IDs, 


Guidelines for Analysis of Crop Model Simulated Outputs for Matched Fields 


Crop modelers should analyze model outputs prior to use of the data in the regional economic analysis. This is very 
important to ensure quality control of the process and that crop modelers are able to understand the variability in 
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results. It is also important that crop modelers will be able to conclude that simulated yields are reasonable 
representations of water and nitrogen-limited yields, recognizing that other factors, such as other soil nutrients and 
pests, are likely to contribute to actual yields in a region and that these factors could vary considerably over space and 
time. We have provided suggestions for analyzing crop model outputs, including computation of means, distribution of 
observed and simulated yields, computation of mean bias between observed and simulated yields, and analysis of 
outliers. 


e Place simulated yield and observed yields into a spreadsheet, computing means and standard deviation. Compute 
bias of the mean observed yield divided by mean simulated yield. We do not recommend computing bias of 
individual fields if there are any zero simulated yield values, as that will give error. 

e Rank the observed yields and simulated yields from high to low and compute cumulative probability distributions of 
observed and simulated yields. (Or use AgView to generate the plots.) 

e Attempt to identify outliers and reasons for high mean bias as well as large differences between cumulative 
distributions of simulated and observed yields. These analyses may help crop modelers critically evaluate some of 
the input assumptions in the Field_Overlay file, for example, relative to the information from regional agronomists 
and other sources that were used to set the values. If there is a large bias, it would be good to review the inputs and 
results with agronomists. Be cautious in types of calibration for reducing the bias and base this on knowledge of the 
soils, initial conditions, and cultivars used. This is intended to improve the reliability of the process and results. 
These analyses may be useful in reporting and in publishing actual crop model results, although the economists will 
only be using change ratios described earlier. Some ideas to consider as you analyze results are: 

o If bias (observed over simulated) is dramatically different from 1.00 (for example 0.5 or 1.5), there may be 
problems in Field_Overlay assumptions. Bias is driven by the mean simulated and observed yields. For 
example, a high bias of 1.5 or more (model simulates low) could indicate that soil N availability (SOM3, initial 
nitrate, initial ammonium) or soil water availability (initial or capacity) is not high enough. A low bias of 0.5 
(model simulates too high) could indicate too much soil N availability or too much water availability. 

o The full range of the cumulative distribution is driven not just by the management and climate, but also by the 
extent of range of initial nitrate, ammonium, SOC, SOM, DUL-LL, and initial soil water found across all the 
farms. If that range of inputs (and soil variability) is small (because of inadequate Field_Overlay entry), then the 
simulated distribution of yields could be insufficient. 

o Strong left tails in simulated distribution (or observed) are indicators of crop failures (zero and very low yields). 
If left tails is too strong in simulated, then you may need to increase initial soil water content to reduce the 
instance of simulated germination failures, or increase rooting depth or DUL-LL to minimize crop failures during 
reproductive growth. 

o Strong right tails in simulated or observed distributions are indicators of high yields. If simulated right tails are 
too strong (or too little) where the water and N stresses are minimum, one can make the case that genetic yield 
potential of the cultivar is too high (or too low). Farmers’ cultivars are often not as good as those used in 
research experiments. 


These “indicator” problems are given, not for the purpose of re-calibrating the crop models to fit the distribution, but 
for the purpose of highlighting the need for obtaining correct Field_Overlay information in the first place. 
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Appendix 4 


Fast-Track Activities to Demonstrate Integrated Framework 


Because of the coordination needed among different science disciplines in the AgMIP regional 
integrated assessment efforts, each new AgMIP regional team should perform a “proof of concept” 
assessment on a fast track to help everyone on the regional teams to understand their roles and the 
interactions that must take place among different disciplines. Accomplishing this will ensure that the 
mechanics of the process are understood and functioning, at which point it will be easier for all 
teams to proceed with their further, more detailed assessments. 


To do the fast track integrated assessment exercise, the team should select only one sub-region, 
one crop, one crop model, and one climate site location; then simulate crop yields using the 
historical climate data for that one location and also simulate crop yields for one climate change 
scenario for the time period of 2040 — 2069 using the methods described above. Additional details 
are: 


a. The entire regional team should identify one small sub-region where the fast track 
assessment will be performed. Ideally, the sub-region should be an area in which household 
survey data are available with at least one climate data site within the area and where there 
are experimental data available in or nearby the area that can be used for calibrating one (or 
more) crop models. 

b. The crop modelers will parameterize the crop models using available data from experiments, 
if this has not already been done. This will provide parameters for cultivar types that are 
currently being used in the region. 

c. The economists should describe the site characteristics, including a map showing the farms 
and including management and farm characteristics. 

d. Economists will provide the socioeconomic data, including farm site locations, to the crop 
modelers so that they can assemble the needed crop model inputs to run the crop models. 
Ideally, the socioeconomic survey data would have data on crop management practices 
(planting date, N application amounts) and on crop yield. For example, there may have been 
80 farms surveyed with such data, and those farms would be used to assemble crop model 
input data for each farm. 

e. The climate team members in the region will prepare and quality-control the historical climate 
series for one station in the region. This site will act as the baseline climate series for all crop 
modeling and analysis in the fast-track (including surrounding farms), and will also serve as 
the basis of one climate change scenario generated using the basic delta method that 
represents projected GCM changes. These climate series may be used in the crop model 
runs to compute the impacts of climate change (assuming no adaptation for this fast track). 

f. The regional crop modelers will prepare input files for running one selected crop model 
(DSSAT or APSIM preferably) for each farm location in the selected study site/area. This 
includes assembling representative soils for the sites. The crop modelers will simulate each 
of the fields in the farm surveys, analyze simulated results relative to observed yields to 
evaluate reliability of results, and prepare a model output file ACMO) for documenting model 
inputs and outputs for use by economists in the TOA-MD analyses. 

g. If socioeconomic data do not include farm site yields, then the crop modeling team members 
will use the procedures for calibrating and evaluating crop models for use in simulating mean 
yields for district or other administrative unit (see section 6c in this handbook). This alternate 
procedure will provide crop models ready for use in the region with estimates of average 
bias. 
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h. The crop modelers will then simulate yields for each of the farm sites in the selected area 
using historical climate data (1980-2009 planting years) and repeat the simulations using the 
one selected climate scenario’s climate file. The modelers will assess yield results, evaluating 
how reasonable they are and produce an AgMIP Crop Model Output file (ACMO) that will be 
used by the economists in the TOA-MD analysis. 

i. The economic team members will take crop model results and use the TOA-MD model to 
analyze the impacts of the climate change scenario on the distribution of economic impacts 
for the area using the relative yield model described in appendix 2. 

j. The entire team will meet to evaluate the entire process and to discuss and interpret the 
results. 

k. After the proof of concept study, the team will be ready to design its assessments of impacts 
and adaptation options based on the RAPs, more advanced climate scenarios, and a better 
representation of climate and crop model uncertainties. 
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Appendix 5 
Guidelines for Engaging Stakeholders in Integrated Modeling Efforts 


Contents 

Knowledge Co-Production through Iterative Engagement: Doing WITH vs. doing TO stakeholders 

Tips for improving stakeholder engagement toward knowledge CO-ProductiONn..........::cccccscseseseceseeceeeeeeeeeeeeeeeaecaeeeaeseneeeeeaees 4 
‘The:Purpose(s)‘of Engagement: in: AgMIP sconarn eietahasiet aa ditaveleis Caetaniennatinneneuntnniene 6 


Stakeholder Prioritization: The Interest-Influence Grid Activity.... 


Needs Assessment aS an On-GOiNg PrOCeSS usnu 7 
Planning a Stakeholder Meeting/EVent ........cccccscsssssscsssssscscsescsscsesesssscsesesesacsesesassssesessssesesessssesasassesesasacsesesacaesusecaesesesacseenees 8 
Tips on AgMIP PowerPoint Presentations aorar eea raan ENAA ONENEAN EANET EAEAN ATEAN EEAS T 8 
Meeting/Event Listening & Reflection TOO] .......ccccccsscssesssscsssssssssscsscsessesscsessesscsascecsessecassassesaesaeseesecaeeaseesaesaesaeeesaesaeeaeeaseasanes 9 
MDS Tear Debrief” scicissasicscsesssasvavs cvessinesicdsous ie tn ie EN ERAAN cans ia stoneadsa chs Veiadeaesin’ssisvads EE RENESA A E 10 
Event Porre GONE on aa aeaa iN EEEIEE SAIRAANA EAE NASAAN 11 
The value of keeping track of EngageMeNt............:ccccseccesseseceeceeceseeeeeesececeseceaecseeeaecseecaesaeeesecsaeeseeesesaeeesesaeeeaecesseaeseaeeaeees 11 
Caution: Document stakeholder feedback accurately! .........ccscsceessseeceseeeeceseceecesecnceeecseceaeceeseaeseaeeaeseeesaeseeesaeseaeseenaeeates 11 
Planning a Meeting vs. Developing (& Documenting) an Engagement Strategy.........ccccccsccsccesscsscseesssscsscsseseeeseeseeeseeseeees 12 


Stakeholder Mapping... 
RRM Emerging MIREA NAT N 14 


Elicitation & Dialog in AgMIP: Questions to catalyze climate conversations .........:cccscceseeseeeceeeeeeeesececesaeeeneeeteneteneeeneeanees 14 


Assessing & Improving Key Messages with Stakeholders... 


Policy Briefs, Fact Sheets & Impacts Explorer: Tailoring materials for different Audiences ..........cccscceseeeeseeseeseeeeseeseeeeeees 16 
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Knowledge Co-Production through Iterative Engagement: Doing WITH vs. doing TO 
stakeholders 


When researchers and decision makers co-produce scientific evidence they engage early and often around research 
questions, methods, scale, and time frames to ensure that the supply and demand sides of the process speak to each 
other. True knowledge co-production requires that scientists move beyond interactions designed to coerce, educate, 
inform or consult stakeholders. 


In such a scenario, stakeholder needs assessment is on-going and iterative, which suggests building upon or within 
existing partnerships and networks. Existing relationships between researchers and decision makers offer excellent entry 
points for linking evidence to decision making processes. Designing for iteration demands team foresight and 
associated step-by-step planning, as well as adaptively managing the engagement process. Teams that adopt a 
“learning-by-doing” approach will optimize success. Figure 1 illustrates the approach to stakeholder engagement that 
was adopted in Phase II of AgMIP. Teams were encouraged to move through the following steps, learning 
iteratively over time Step 1: Create and plan, Step 2: Prepare for convening, Step 3: Engage, Step 4: 
Understand and respond, Step 5: Learn and adapt, Step 6: Repeat & refine 


Distill key Identify & Match messages 


messages prioritize with stakeholders 
stakeholders PREPARE 


Simulated h Reg. Translate 
Model Output r n, (interpret & visualize) 
Ñ S By, 
CREATE ae r Select best option for 


& PLAN convening 


ENGAGE 


Scientist-stakeholder 


Analyze requests & Interactions 


incorporate feedback Listen, gather input, 


assess needs 
Develop 


Impacts Explorer 


Document learning 
UNDERSTAND & 
RESPOND, 


Figure 1. Process diagram of stakeholder engagement in AgMIP Phase II 
The practice of stakeholder engagement includes the ability to: 


e Identify potential stakeholder decision contexts and policy platforms 

e Prioritize target audiences 

e Leverage partnerships to optimize entry points 

e Articulate the specific purpose of engagement 

e Establish mechanisms for team planning, resource allocation, documentation & learning 

e Interact with stakeholders to link research goals with stakeholder interests 

e Frame and visualize research results according to stakeholder decision contexts 

e Refine key messages collaboratively with stakeholders and tailor results for specific audiences 
e Adapt research directions to maximize relevance to stakeholders 

e Develop information briefs that feature team innovations and successes 
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Tips for improving stakeholder engagement toward knowledge co-production 
The following list of “TIPS” was gleaned from insights during AgMIP Phase II. 


1. Reflect on Motivation 
e Why engage stakeholders? If the answer is for better data, then stop. 
e Do we understand the costs associated with co-development? How willing are we to pay those costs? 
e Revisit the following concepts: 
i. Power 
ii. Partnerships 
iii. Incentives 
iv. Attribution 


2. Define exactly what is meant by co-development and by whom? 
Where would the approach to co-development fall on this scale? 
e Coercing 
e Educating 
e = Informing 
e Consulting 
e Engaging 
e Co-design 
e Co-production 


3. Define the primary target audience for the investment in RIA protocols and plan for delivering to THAT 
audience. Change goal posts only in mutually agreed upon ways. 
e Other modelers 
e IPCC 
e Regional bodies engaged in climate change planning and response 
e National bodies engaged in climate change planning and response 
e Sub-national bodies engaged in climate change planning and response 
e Implementing agencies 
e The donor 


4. Build engagement (and learning) functionality into the multi-disciplinary modeling team 
e Hire a stakeholder liaison or catalyze latent capacity within the team (Consider key skillsets and network 
embeddedness. Functions include managing facilitation, documentation, coordination, and 
relationships) 
e Emphasize teamwork: Clarify within-team roles and develop mechanisms to foster integration and 
learning 
e Learn-by-doing: Prioritize regular exchanges across disciplines for on-going reflection 


5. Identify and come to grips with the trade-offs associated with inviting others into the scientific process. 
e How far are we willing to go to meet others’ needs? 
e How to prioritize feedback and response? 
e Whose comments, needs requests matter most and how to negotiate them? 


Prior to bringing in partners, collaborative leadership planning provides an opportunity to build a shared understanding 
about the purpose for engagement and to clarify roles and expectations for specific contributions of each partner and 
team member. Discuss the following questions BEFORE proposal development, budgeting and activity allocation. 
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e Beliefs & Attitudes: What personal beliefs about power and collaboration toward outcomes do we have? Co- 
development means bringing others in at the outset; are we ready and willing to do that? 

e Goals & Expectations: Is our goal a product or a relationship? What outcomes do we expect from this 
project/process of co-development? How flexible are our modeling systems? How will we respond when the 
demands of stakeholders fall outside project goals? 

o Plana process of negotiating outcomes with potential co-developers. 

e Audiences: Who would, could, or should be engaged and for what; what incentives are there for others to 
engage with us? What decision contexts and policy platforms can we access? What aspects of the project 
resonate with stakeholder interests? 

e Outcomes: What networks and relationships do we want to develop from this process and why? What is our 
timeframe? Are we committed beyond the project funding cycle? 

e Feedback: What kind of feedback or input are we hoping for and what will we do with it? 

e Purpose: What objectives can we develop that will combine the previous 4 points? (Define a clear purpose for 
engagement—when, where and why is it co-development?) 

e Purposeful Design: What type of scientist-stakeholder interactions are most appropriate considering #6. Who 
should be in the room during each event/interaction? What kinds of activities will allow for cross-boundary 
dialog and knowledge exchange? What pre-work is needed among modelers? 

e Documentation & Sharing: How are we going to document these activities and outcomes and share them 
(within the team, for leadership, with other modelers, with the donor, etc.)? 

e Roles: What are the roles for various role players and who will take responsibility for highlighting and managing 
new areas of focus: facilitation, documentation, coordination, relationship management? 

e Ownership: How will this project improve the degree of ownership that OTHERS have of the research 
products—getting them used in decision making? What sort of follow up do we envision with these 
participants? 

e Improved Research: How will this project improve the quality of our science? (How will we track our own 
adaptation?) 

e Track Change: How will we evaluate this undertaking? 
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The Purpose(s) of Engagement in AgMIP 


THE MANY PURPOSES OF STAKEHOLDER ENGAGEMENT IN AGMIP (as perceived by teams) 
Identified by AgMIP participants at the regional meeting in Zimbabwe, June, 2016 in response to the question: 
What are the reasons for engagement in AgMIP? 

To understand needs Understand conditions and perceptions of RAPS To develop adaptation strategies 
To produce a product Internet Exploder To increase awareness of AgMIP and 
climate change 
To ameliorate current product Explore adaptation opportunities Propagate 
Learn and educate Share information and match ideas Funding 
Share Contextualize research Contextualize research 
Build consensus Ensure effective use of outputs Ensure effective use of outputs 
Get feedback Data collection and data validation Data collection and validation 
It is a request from the donor Bridge gaps Buy-in for agreement 
Needs assessment Improve scientific output Improve decision making 
Reflection of applicability Improve livelihoods and reduce poverty Spread knowledge 
To influence policy Share information To understand smallholder view of 
future world 
To improve communication Understand conditions and perceptions of RAPS Explore adaptation opportunities 
To explore research questions “Internet Exploder” Share information and match ideas 
Improve scientific output Improve livelihoods and reduce poverty Bridge gaps 
Share information Convince Simplify results 
Increase confidence Spread knowledge Spread knowledge 
Data collection and validation Convince 


Engagement in AgMIP can occur around the following main purposes 


e Seeking inputs for Adaptation Packages and RAPs (data collection to enhance contextual relevance of 
modeling efforts) 

e Communicating AgMIP Phase II Results (for co-interpretation, validation, discovery and learning) 

e Refining key messages for the development of the decision support systems 

e Managing partnerships (for project visibility and to link outputs or components and methodology with 
relevant decision & policy processes and entry points; to connect AgMIP Teams to new collaboration 
partner opportunities beyond AgMIP) 

e Periodic reporting to home agencies 
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Stakeholder Prioritization: The Interest-Influence Grid Activity 


In June 2016, teams were asked to arrange stakeholders from Phase | on an influence/interest grid (by name & 
function) and to prioritize 3 key audiences for Phase Il. They were asked to reflect on how to frame key 
messages from Phase | with different target audiences. Participants agreed that this activity should account 
for RRTs history with stakeholders. We suggest adding a +, - or 0 on the grid activity to signify the degree to 
which RRT has worked with stakeholder before (in addition to influence and interest). 


Recognize that this grid is a snapshot and that these systems are dynamic — individuals and institutions are 
constantly changing. A quick version of this analysis could be done periodically as results emerge—to assess 
how stakeholder interest changes as findings and messages mature. At the end of Phase Il, it might be 
valuable to conduct another similar exercise with each team to determine a focus for Phase III, IV, V... 


High Engage closely 
Keep satisfied and influence 
actively 


POWER / 
INFLUENCE 


Monitor 
(minimum 
effort) 


Keep informed 


Low 


Low High 
INTEREST 


Needs Assessment as an On-Going Process 


Conventional project designs tend to situate “needs assessments” as an initial stage of projects with the goal 
of orienting activities. However, in reality, as partnerships mature over time, new needs emerge and novel 
ideas or opportunities reveal themselves. We view needs assessments as iterative and expansive as opposed 
to the one-time snapshot approach. Therefore, it becomes important to manage expectations during the 
course of project cycles with a view to long-term knowledge co-production. Teams can benefit from providing 
stakeholders with explicit feedback regarding the possibility of satisfying their needs. The South India team 
has innovated a mechanism for managing expectations by categorizing evolving stakeholder needs according 
to requests that are: 


already being investigated in AgMIP Phase II 
could be incorporated into Phase II modeling 
are critical elements to build into a Phase Ill project and 


Py lS 


will never be assessed using AgMIP methodologies, but could be met through other channels. 


Consider inventorying stakeholder needs according to these four categories as part of your team’s 
engagement documentation. 
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Planning a Stakeholder Meeting/Event 


Prior to meeting with stakeholders, collaborative RRT planning provides an opportunity to build a shared 


understanding about the purpose for engagement and to clarify roles and expectations for specific 


contributions of each team member. Discuss the following 10 questions as a group: 


Se Ee 


10. 


11. 


What outcomes do we expect from this meeting/event? 

What technical information do we want to share with stakeholders and why? 

What kind of feedback or input from them are we hoping for and what will we do with it? 

What objectives can we develop that will combine the previous 3 points? (Define a clear purpose for 
engagement) 

What combination of activities (discussion groups, pair-work, brainstorming, powerpoint 
presentations, etc.) should be used to help meet the above objectives? 

What is the best agenda or structure for this session? 

How are we going to document these activities and outcomes and share them (within the team, for 
leadership, with other RRTs, with the donor, etc.)? 

What are the roles for the stakeholder liaison, Pl, and other modelers? Who will take notes? 

How will this meeting improve the quality of our science? 

How will this meeting improve the degree of ownership that stakeholders have of the AgMIP 
products—getting them used in decision making? What sort of follow up do we envision with these 
participants? 

How will we evaluate this event? 


Tips on AgMIP PowerPoint Presentations 
The answer to question # 2 can guide the preparation of power point presentations. 


Consider reducing the number of slides! How much time will you have to present? Does this include 
time for discussion? Be selective about what you include in the presentation, knowing that you cannot 
convey every aspect of the project (nor should you try). What information is essential? 

o Insert background information in reference slides that are “hidden” at the end of the 

presentation to review if stakeholders ask for more details. 

o If you are meeting a stakeholder group for a second or third time, include a slide that reminds 

the audience of previous events and associated outcomes (history of engagement slide). 

o Will the audience benefit from a slide that illustrates the AgMIP methodology (sequence of 

modeling)? How can this be simplified? 

o If you are hoping for specific feedback, include a slide with questions directed to the audience. 
Appropriately match content level to the stakeholder audience being targeted. Do not expect everyone 
to be an expert (avoid jargon and acronyms like GHGs, SSPs, RCPs). Do not underestimate your 
audience either! 

Encourage all team members to review the PowerPoint presentation well in advance of the meeting to 
ensure that information is being communicated as clearly as possible. 
Consider providing a one-page handout (include contact information and web links) 


228 Protocols for AgMIP Regional Integrated Assessments v.7 


Meeting/Event Listening & Reflection Tool 

The following issues can have significant impacts on the success of engagement activities. Pay attention to 
them in order to enhance your listening and maximize your observation during the meeting. Review these 
questions prior to any stakeholder event and reflect back upon them when your team meets to debrief. 
Lessons learned should be documented, shared throughout the team and incorporated into planning the next 
event. 


e PURPOSE/OBJECTIVES: What are you engaging for? What are the objectives of the event/meeting? 


e PARTICIPATION: Who attends the meeting? Were the right people in the room, considering what the team 
hoped to achieve? Pay attention to body language. Who dominates the discussions? Who is not heard? 


e FACILITATION: Who did you engage or select as a designated facilitator? Watch and listen with eyes and 
ears toward opportunities (missed and captured) to enhance engagement through facilitation. How does 
the process work? What could have been different? (Agenda design, use of time, attention to 
introductions, format of presentations, visualization of results, management of discussion and stakeholder 
feedback, note taking, logistics, etc.). 


e SCIENCE TRANSLATION, INTERPRETATION & EMERGING THEMES: How are presentations received? Are 
there any challenges with misinterpretations or misunderstandings? What raises concerns or creates 
confusion? Which aspects of AgMIP stimulate the most discussion? Is anything missing from discussion? 


e STAKEHOLDER NEEDS & FEEDBACK: How familiar are stakeholders with the AgMIP project and results? 
What needs and interests do stakeholders express? What insights do stakeholders offer about a) inputs for 
adaptation packages or RAPs; b) AgMIP results /key messages? What questions do stakeholders ask? In 
which ways can stakeholder feedback inform AgMIP research and future modeling activities? Which 
contextual aspects (even if they cannot be included in models) deserve attention? 


e OUTCOMES: To what extent are the objectives met? What do stakeholders get out of the meeting? What 
does the AgMIP team achieve? What kinds of follow up/next steps are suggested? 


e POLICY/DECISION ARENA: Do you gain insights on the policy environment? What key mandates, and 
institutions, policies (or decisions) do stakeholders discuss? What are current sources of climate, 
agricultural and economic projection information? What new entry points / potential partnerships or 
opportunities emerge from the meeting? 


e PARTNERSHIP HISTORY: What is the engagement history among stakeholders and AgMIIP scientists? 
Considering a team timeline, where in the engagement process does this meeting fit? How does it build on 
previous meetings? How do previous interactions influence the meeting process and outcomes? 


Appendix A 229 


The Team “Debrief” 


Shortly after the stakeholder event or meeting, teams are encouraged to “debrief.” Debriefing is a powerful 


and simple tool. A debrief is a reflective discussion on what happened & why, as well as what was learned & 


its importance. A team debrief is essentially a structured learning process that can help align thinking and 


reveal key insights. Findings will help teams identify specific implications for future work. 


Guiding Questions 


Or 00 Soy (OTB a N a 


f 
o 


What happened? 

What did you notice? (Observations) What surprised you? 

How did you feel before, during and after the event? 

What are some key insights? 

What was missing? What did not happen? 

Considering what we set out to do: What went as expected and what turned out differently? 

Were the goals clear to the audience? Were the presentations appropriate? Were instructions clear? 
Could we have taken a different approach to achieve our goals more effectively and efficiently? 
What type of follow-up seems most important? 


. What are some implications of this event for future work? 


Facilitation of the debriefing: You need somebody to keep people on track or you will get stuck 
answering question one or two. Give different team members the opportunity to practice facilitating 
the team debrief. 

Participation in the debriefing: Make sure all team members get a chance to offer input into the 
discussion. (Round Robbin works well to initiate discussions.) 

Motivation: A debrief is not the same as an evaluation. It should not be dreaded, overly critical or 
taken personally. Keep it brief and interesting! The list of questions above is not to serve as a check- 
off list, but rather to gently guide and promote meaningful reflection. 

Documentation: Reflections from each team member will be slightly different. Diversity matters! Take 
notes and consider adding insights to the event report. 
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Event Report Outline 


Remember, “If it is not documented — it never happened!” 


Documenting detailed stakeholder feedback is a critical component of engagement. An event report should 


contain the following components: 


1. 


ga 


tor eS N 


Meeting Purpose & Specific Objectives 
Location, Date, Duration etc. 
Audience Description (Numbers of participants by stakeholder groups represented, history of 
interactions with the group - previous meetings) 
Activities, Discussions and Presentations 
Photos 
Outcomes from # 4 - Include “quotes” from participants and a summary of key findings 
Conclusions & Follow up — List action items (and deadlines) for next steps 
Evaluation—need not be complex but should reflect participant assessment of the event 
Appendices 

o List of participants, institutions, contact information etc. 

Oo Agenda 


The value of keeping track of engagement 


Consider why you are writing these event reports. Who is the event report for? Reports are valuable for 


many reasons, including 


accountability (to comply with contractual obligations) 


(e) 


to store valuable information that the RRT can reference later (an institutional memory of 
engagement) 

to share progress with others and track change over time 

to plan follow-up activities 

to stimulate team discussion and learning 


O O O O 


to share with stakeholders for their own records and in gratitude of their time commitment 


Caution: Document stakeholder feedback accurately! 


Although summaries of stakeholder input are valuable, they reflect the note-taker’s own filtering 
process and personal biases. Therefore, we recommend that you document direct quotations (write 
the exact words people use, not your own interpretation). List all the questions that emerge. 

Make sure you have a good note-taker! (... not the same person as the facilitator!). Ask for permission 
when taking notes and indicate how that information will be used. 
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Planning a Meeting vs. Developing (& Documenting) an Engagement Strategy 


Instead of planning individual events in isolation, consider stakeholder engagement as a series of meetings and 


interactions. Develop a long-term strategy so that each activity builds on the previous one. A timeline is a useful 


visualization tool to summarize engagement over time as shown in the example below. 


June July August 


ce) ze 
2 Skype 
Pretoria Q2 results 
Planning discussion 
& planning 


ay 


Bloemfontein 15 
16 national &provincial 3 Bloemag 


E) w® 


12" in Bloem skype 
University Planning 
Symposium 


AgMIP overview- 
visibility A 
1th 


Bloemfontein 
15 Policy Makers 


Policy Mekers policy makers 
RAPsinputs Reactiontokey Collaborative 
messages (02) Interpretationof 
@ Maa 
20" Skype 
Debrief A oO 
17, 
1 Oxfam 22° in person 


debrief 


Reactionto key 
messages (Q2) 


rÅ 


5 CARE int. Dev agents 
Reactionto key messages (Q2) 


25™ skype 


Debrief 


A table can also be used to record all meetings, including information, such as: 


Sept. Oct. Nov. Dec. Jan Feb March April May 


13-15 CapeTown 
Adaptation Futures 


validation 


@ RRT meeting 
A Stakeholder meeting 


g Conference presentation 


Date & Purpose Stakeholder Type & Representation Highlights/Key insights / 
Location Quotes & Follow up 

22" June, RAPS planning meeting | RRT Economic modelers, SL and PI Discussed RAPS elicitation process 
Pretoria = 5 people and seating logistics. Reorganized 


presentation outline. Identified 
need to invite Mr. Nduna from 
previous engagement. Find a copy 
of state action plan for climate 
change. 


25-29" June, 
Bloemfontein 


Inputs for RAPS 


16 university experts (3 hydrologists, 
1 demographer, 2 economists, 2 
agronomists, 3 soil scientists, 1 plant 
pathologist... 


Heavy rain and flooding limited 
engagement. Electricity not working 
so no power points. Completed 
matrix for all but 3 indicators using 
printed copies. One-on-one 
interviews suggested. Contact Mr 
Sly and Dr Djbouti... 


Etc. 
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Stakeholder Mapping 


Stakeholder Mapping (mandates): Given the objectives of the stakeholder engagement, what is the 
institutional and/or organizational milieu within which the information fits? A thorough understanding of the 
context of decision making, vis-a-vis the information available must include a picture of the relevant 
institutions with mandates related to the key messages. Map the range of stakeholders who have a stake in 
this information. This hierarchy or web can help pinpoint where best to intervene and where best to engage 
for outcomes and eventual impact with the information that you have. 


Prioritization—Specific Stakeholder ID: Match making exercise where the supply (project outputs) and 
demand (stakeholder needs) are brought together. This step is guided by the previous steps and begins 
bringing together the best available information with those most likely interested in it for use in planning and 
delivery. This might be built upon networks and strategic partnerships of those who have accompanied the 
process (contributing to RAPs for example) this far or may be new or different groups who have not yet 
engaged with AgMIP RRTs. 
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RRT Emerging Insights 


Elicitation & Dialog in AgMIP: Questions to catalyze climate conversations 


The CIWARA team used these questions successfully to stimulate dialog with stakeholders in a panel (Dakar, 
Senegal, Feb 2016) about climate change, agriculture and the value of visioning the future. Try them! 


1. Please introduce yourselves, and explain in 3 minutes how your work relates to, or integrates 
adaptation to climate change 

2. So... what do you think about what you’ve seen from AgMIP? Like? Dislike? Surprised? More of the 
same? 

Is climate changing in this region? Are you experiencing it right now? 
What are the key climate risks that you have to deal with in your everyday practice? What do you do 
about these — how do you manage? 

5. Where do you normally go to get information about climate change impacts? What do you like about 
your sources? Don’t like? What are you missing, that you would like to get? 

6. In 2050, what will [Senegalese] children eat for breakfast? What do they eat now? Where will they get 
their 2050 breakfast from? What will be the most popular protein source in the Dakar markets in 
2050? The most fashionable? In 2050, where will the average citizen work? On farm? Off farm? Will 
s/he commute? How? 

7. In your work and institution, how do you (your colleagues) do fore-sighting? What mechanisms, 
strengths, weaknesses? 

8. Do you think [Senegalese] / African policy instruments / processes for CCA are in touch with local 
priorities? If yes, how can science leverage them? If not, how can science assist? What are the best 
conduits? 

9. Is current science effective at informing [Senegalese] policy makers for climate change adaptation? If 
yes, can you give specific examples of successful interactions and influence? If not, how could that be 
improved? 

10. Where do you see adaptation taking place: primarily within systems (e.g. change in agronomic 
practices) or between systems (e.g. change in livelihood strategies)? 

11. Have you been involved in the COP21 (preparation and/or attendance)? What repercussions do you 
foresee on your own work /work planning? Particular areas of excitement or concern? 
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Assessing & Improving Key Messages with Stakeholders 


The CLIPS team developed a survey for stakeholders to assess and refine Phase 1 messages. Consider 


adapting and using these in your work. 


1. 


WRITE KEY MESSAGE HERE (climate, crop, economic) 


Based on your experience does this message make sense/seem true to you? (circle yes/no) 


Please tell us why --- elaborate. If yes or if no, add on to the discussion. Say you’ve seen this in action. Or say 
you’ve seen the opposite in action. Or that you believe it is only true for this area ... etc. 


2. 


What questions arise for you now that you know this? 

How would you use this message? 

What would you do differently now if you were to incorporate this into your work? 
Who do you think needs to know this result and why? 

Is this your first time interacting with AgMIP scientists Y/N 

If no, how have you been engaged prior to today? 


Type of Participant (mark with X) 


Government departments 
Research and university 
NGO staff district level 
Ngo staff provincial level 
Add others here 
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Policy Briefs, Fact Sheets & Impacts Explorer: Tailoring materials for different 
Audiences 


KEY points to consider: 

1. Matching audience and content or content and audience 
2. Best medium for messages 

3. Stand alone or series? 


4. Organizational/institutional publications or blogs (CCAFS, ICRISAT, IWMI, GWP, etc) 
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Background on the AgMIP Stakeholder Unit (SU) 


Goals of the SU 

The Stakeholder Unit (SU) has been created within AgMIP in order to increase the utility and relevance of the 
project’s science outputs. As set out in the SU Outcome Logic Model, the unit’s vision of the future is that 
AgMIP contributes to evidence based decision making at continent, region, country and local levels by 
generating more relevant and robust projections of climate impacts on agricultural systems—of use to 
decision makers. AgMIP's Stakeholder Unit has enhanced the willingness and ability of leadership and teams 
to plan and implement projects with users' needs and frame of reference at the forefront--scientists build 
models that generate outputs or results of use to stakeholders. 


The SU has established a number of principles that guide its on-going work: 


e Sustainability — building a foundation 

e Engagement — on-going communications for building trust and relationships 
e Partnerships — essential for getting to outcomes 

e Transparency — informed decisions to meet needs 

e Inclusivity — all team members must contribute 


The SU has designed four main pathways for achieving anticipated outcomes: 


1. Capacitate a cohort of scientists who are willing and able to engage decision makers in meaningful 
ways to increase the relevance of their models to climate/crop/livestock decisions. 

2. Develop capacity of all AgMIP project members to build users into the research design and 
development processes. SU activities contribute to models that are well integrated, coherent, 
inter-dependent. SU helps change the way models are planned, developed and rolled out -- with 
particular attention to relevance and context—contributing to their success. 

3. Document best practice for building the capacity of researchers to: understand importance of 
stakeholder engagement; engage next users and end users of scientific research products from 
inception, and document stakeholder feedback to be incorporated into the research process. 

4. Contribute to early generation AgMIP Impact Explorer (and possibly other tools) whose legacy is 
still relevant to climate change adaptation decision making. 


Stakeholder Liaisons: A vision for expanding capacity in AgMIP 


SL Role 

The role of the SL is to develop interactive spaces that help build meaningful relationships among scientists 
and stakeholders so that AgMIP results and their applications can be translated effectively and explored 
collaboratively. SLs will work equally as closely with RRT scientists (information supply side) and stakeholders 
(information demand side). Although the SL will work with AgMIP teams to translate research findings, they 
are not tasked with being science messengers. Neither are they expected to convince audiences that climate 
change is real or that AgMIP modeling and research results are useful for decision making. During Phase II SLs 
are responsible for collecting specific feedback from stakeholders related to their needs and requests for new 
types of research outputs. SLs will document how the design of scientist-stakeholder interaction processes 
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affects dialog and outcomes. Furthermore, SLs will explore how modeling changes in response to stakeholder 
input. Emphasis will be placed on collecting success stories and instances of failure (non-use of information) as 
well suggestions for future climate research development, packaging and roll-out. 


Rationale 

AgMIP researchers are focused on building better models. DIFID, the funder of AGMIP Phase II, is focused on 
guiding rural development through relevant science. In order for these two agendas (AGMIP’s & DIFID’s) to 
meet synergistically they must be linked intentionally. Phase 1 of AgMIP in SSA and SA was focused on 
establishing and demonstrating a multi-model, multi-scenario framework for regional integrated assessment 
of climate change impacts which required a great deal of technical expertise. Phase 2 will emphasize 
stakeholder engagement so that we can inform our work to best meet stakeholder needs. During this critical 
moment as the project transitions from Phase | to Phase Il, AGMIP teams will reorient modeling efforts to 
create products that stakeholders can use and they will explore the utility of their research results with a wide 
range of decision makers. Considering this modified focus, AGMIP teams will be expected to perform new 
functions. Doing different things with the models (vs. improving them technically) requires different skills. 
Furthermore, Phase II activities will demand time for sufficient follow-up with stakeholder partners. 
Therefore, each RRT is expected to hire an expert or catalyze latent expertise within current team so that one 
member is responsible for the stakeholder engagement job functions described below. 


SL Official Job Description/ Function (distributed to Teams in 2014 to guide hiring of new SL) 

Coordinate team efforts so that applications of AgMIP’s regional integrated assessment framework and 
methods answer questions of relevance to adaptation decision makers. The new stakeholder specialist will 
help prepare country teams for stakeholder-driven research and will work closely with the PI or an identified 
team expert liaison to initiate and conduct project outreach activities. All team members will facilitate the 
integration of this new member and will contribute to a successful stakeholder engagement process. 


Characteristics of a stakeholder specialist 

e Ability and willingness to transcend hierarchies and sectors. This person is comfortable interacting with 
others from fields to boardrooms. They are able to expand potential stakeholder pools beyond “the usual 
suspects” with particular attention to gender, age, resources/societal position. 

e Well-networked externally (with cross-sectorial legitimacy). This person either has existing direct access to 
stakeholders or knows who to call. They need to be familiar with regional and national brokers and be 
able to take advantage of connections they already have. 

e Drive for outreach and relationship building (often requiring cold calling and persistent follow-up) 

e Talents as a generalist & integrator are more important than technical expertise in any particular field. 
Ability to integrate results and connect disciplinary silos. 

e Communication and interpersonal skills (includes the ability to listen). Conversion & conveyance 
(translation of user needs (to scientists) and of complex science topics (to stakeholders) 

e Willingness and ability to engage in an on-going reflective process, documentation of lessons learned, and 
sharing results with team and broader AGMIP community 


e Familiarity with AgMIP project and outputs would be a bonus (know team members and language of 
project). 
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|. Overview 


This handbook provides guidelines for effec- 
tive stakeholder engagement in integrated 
model assessment research projects. These 
valuable approaches for transforming scien- 
tific research from theory into action will help 
researchers translate the scientific approach of 
using integrated economic, crop, and climate 
models into policy outcomes. 


AgMIP guidelines to stakeholder engagement 
were developed through the experiences and 
lessons learned from AgMIP Regional Research 
Teams (RRTs) engagement with communities 
across the globe. AgMIP’s Stakeholder Unit 
focuses on developing the capacity of RRTs 

to meaningfully engage with stakeholders 
throughout their research projects to increase 
the utility of AgMIP research. This approach 
encourages scientist-stakeholder engagement 
to extend beyond data-collection or messaged 
delivery activities, and emphasizes iterative in- 
teractions that enables research to be regularly 
refined. This not only improved research qual- 
ity and confidence in results, as AgMIP RRTs 
found, but also assisted scientists in develop- 
ing strong and lasting relationships with key 
decision makers in particular regions. 


Stakeholder engagement can strongly con- 
tribute to integrated model assessments by 


Stakeholders and AgMIP scientists discuss what stake- 
holders would like to see from research at an AgMIP 
workshop in Zimbabwe. 


improving research relevance and usefulness 
and can be incorporated into multiple aspects 
of the research process. AgMIP experiences in- 
cluded engagement in 1) verifying that models 
reflected current reality, 2) developing plau- 
sible future scenarios, 3) ensuring the relevance 
of models to decision makers at various levels, 
and 4) building bridges between scientists and 
decision makers for long term collaboration. 


Effective stakeholder engagement requires 

the development of strong relationships and 
buy-in from stakeholders. Local level stake- 
holder engagement contributes to the verity of 
integrated models of complex farming systems 
developed by the research team. Verifying that 
the models reflect current reality is extremely 
important at the local level, and also is critical 
in persuading higher level decision-making 
buy-in. AgMIP RRTs have reported that gov- 
ernment level decision makers ask specifically 
for farm level engagement, as it is a prerequi- 
site for inclusion of any policy process results. 
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The guidelines help researchers in integrated 
model assessment projects engage with stake- 
holders by sharing successful stakeholder 
engagement traits. Incorporating local expert 
engagement in the design and articulation of 
future scenarios creates plausible pathways 
recognizable by today’s policy makers. These 
exchanges often result in rich engagement with 
experts for scenario development and open av- 
enues of exploration beyond what the research 
originally set out to do. 


While sharing methodologies and results help 
ensure findings are acceptable and useful, 
research teams will also find that “sharing” 
methodologies, method components, and 
results are building blocks for better research 
team integration and function, better farming 
system design, more plausible scenario devel- 


outputs, as their responsiveness to emerging 
stakeholder demands and unanticipated invi- 
tations allowed for trust to grow and research 
to further strengthen. 


While each research team will find engagement 
varies from stakeholder to stakeholder and 
from team to team, the following pages help 
provide guidelines in how to most effectively 
approach stakeholder engagement. The guide- 
book begins by recognizing that each group 
may view the purpose of engagement differ- 
ently, followed by preliminary information on 
planning a stakeholder meeting or event. Then 
the practice of engagement and the iterative 
process for the co-production of knowledge 
with stakeholders is introduced. Understand- 
ing why engagement is iterative offers a 

strong foundation for this approach. AgMIP’s 


opment, and identification of relevant policy 
processes and platforms. 


A willingness to engage stakeholders — even 
without new results or findings — can greatly 
benefit research in the long run. Developing 
confidence to keep conversations with stake- 
holders going to ensure the long-term impor- 
tance of strategic partnerships greatly im- 
proves the opportunity to get relevant science 
to key decision makers. Solidifying relation- 
ships with relevant stakeholders is built upon 
trust and a now-common understanding of the 
challenges both decision-maker and scientists 
face in improving planning for future climate 
change. The improved practice increases the 
likelihood that stakeholders will continue to 
access products and team expertise. 


An open mind, a willingness to be flexible, and 
sincere preparation are needed for stakeholder 
engagement to actively improve both the 
research outputs as well as stakeholder needs. 
The most flexible AgMIP RRTs are arguably 
the most successful teams in terms of research 
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Stakeholder Unit (SU) is introduced to empha- 
size the impact of RRTs to engagement with 
regional stakeholders on modeling research 
methods. Tips are then provided for improving 
stakeholder engagement via a 5 step guide that 
will help the research team prepare for engage- 
ment. Finally, recommendations are provided 
for how to best advance engagement purposes 
and prioritize stakeholder needs. 


To adequately prepare for stakeholder meet- 
ing/events, the guidebook offers insights into 
planning, execution, reflection tools, and team 
debriefs. These insights help provide a basis 
for which to ensure engagement will be effec- 
tive and efficient. Documentation is stressed 
throughout these guidelines, especially in the 
report outline. 


Developing a plan and mapping out the en- 
gagement for the entire research project will 
ultimately improve stakeholder engagement 
both during the project and in future collabora- 
tions. This document will help achieve that. 
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2. The Purpose(s) of Engagement in AgMIP 


THE MANY PURPOSES OF STAKEHOLDER ENGAGEMENT IN AGMIP (as perceived by teams) 
Identified by AgMIP participants at the regional meeting in Zimbabwe, June, 2016 in response to the question: 
What are the reasons for engagement in AgMIP? 


To understand needs 


Understand conditions and perceptions of RAPS 


To develop adaptation strategies 


To produce a product 


Internet Exploder 


To increase awareness of AgMIP and 
climate change 


To ameliorate current product Explore adaptation opportunities Propagate 
Learn and educate Share information and match ideas Funding 
Share Contextualize research Contextualize research 
Build consensus Ensure effective use of outputs Ensure effective use of outputs 
Get feedback Data collection and data validation Data collection and validation 
It is a request from the donor Bridge gaps Buy-in for agreement 
Needs assessment Improve scientific output Improve decision making 


Reflection of applicability 


Improve livelihoods and reduce poverty 


Spread knowledge 


To influence policy 


Share information 


To understand smallholder view of 
future world 


To improve communication 


Understand conditions and perceptions of RAPS 


Explore adaptation opportunities 


To explore research questions 


“Internet Exploder” 


Share information and match ideas 


Improve scientific output 


Improve livelihoods and reduce poverty 


Bridge gaps 


Share information Convince Simplify results 
Increase confidence Spread knowledge Spread knowledge 
Data collection and validation Convince 


A table of AgMIP perspectives of stakeholder engagement. Below, AgMIP Scientists from West Africa (left) and 
Pakistan (Right) speak with a Senegalese Stakeholder during an AgMIP workshop 


Engagement in AgMIP can occur around e Refining key messages for the development 


the following main purposes 


e Seeking inputs for Adaptation Packages 
and Representative Agricultural Pathways 
(RAPs) (data collection to enhance contex- 
tual relevance of modeling efforts) 


e Communicating AgMIP Phase II Results 
(for co-interpretation, validation, discovery 
and learning) 


of the decision support systems 


Managing partnerships (for project vis- 
ibility and to link outputs or components 
and methodology with relevant decision & 
policy processes and entry points; to connect 
AgMIP Teams to new collaboration partner 
opportunities beyond AgMIP) 


Periodic reporting to home agencies 
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3. Planning a Stakeholder Meeting/Event 


Prior to meeting with stakeholders, collabora- 
tive RRT planning provides an opportunity to 
build a shared understanding about the pur- 
pose for engagement and to clarify roles and 
expectations for specific contributions of each 
team member. Discuss the following 10 ques- 
tions as a group: 


1. What outcomes do we expect from this 
meeting /event? 


2. What technical information do we want to 


share with stakeholders and why? 


3. What kind of feedback or input from them 


are we hoping for and what will we do 
with it? 


4. What objectives can we develop that will 
combine the previous 3 points? (Define a 
clear purpose for engagement) 


5. What combination of activities (discus- 


Left: Brainstorming for Stakeholder Engagement 
Right: Discussions on Stakeholder Engagement 


10. 


11; 


sion groups, pair-work, brainstorming, 
powerpoint presentations, etc.) should be 
used to help meet the above objectives? 


What is the best agenda or structure for 
this session? 


How are we going to document these 
activities and outcomes and share them 
(within the team, for leadership, with 
other RRTs, with the donor, etc.)? 


What are the roles for the stakeholder 
liaison, PI, and other modelers? Who will 
take notes? 


How will this meeting improve the qual- 
ity of our science? 


How will this meeting improve the degree 
of ownership that stakeholders have of the 
AgMIP products—getting them used in 
decision making? What sort of follow up 
do we envision with these participants? 


How will we evaluate this event? 
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Tips on AgMIP PowerPoint Presentations 


When preparing your PowerPoint Presenta- 
tion, consider your answer to Question #2, what 


technical information do you want to share and 


why, in planning a stakeholder meeting/event. 
This answer can help guide the preparation of 


PowerPoint presentations. 


e Consider reducing the number of slides! 


How much time will you have to present? 
Does this include time for discussion? Be 
selective about what you include in the pre- 
sentation, knowing that you cannot convey 
every aspect of the project (nor should you 


try). What information is essential? 


a Insert Background information in refer- 
ence slides that are “hidden” at the end 


of the presentation to review if stake- 


Keep it concise 
Keep it clear 


Keep it informative 


Left: Methods to presenting information 
Right: AgMIP Scientsts and Stakeholder (right) discuss 
what information is most relevant and needed 


holders ask for more details. 


a Ifyou are meeting a stakeholder group 
for a second or third time, include a slide 
that reminds the audience of previous 
events and associated outcomes (history 
of engagement slide). 


a Will the audience benefit from a slide 
that illustrates the AgMIP methodology 
(sequence of modeling)? How can this be 
simplified? 

a If you are hoping for specific feedback, 
include a slide with questions directed to 
the audience. 


Appropriately match content level to the 
stakeholder audience being targeted. Do not 
expect everyone to be an expert (avoid jar- 
gon and acronyms like GHGs, SSPs, RCPs). 
Do not underestimate your audience either! 


Encourage all team members to review the 
PowerPoint presentation well in advance 

of the meeting to ensure that information is 
being communicated as clearly as possible. 


Consider providing a one-page handout 
(include contact information and web links) 
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4. Knowledge Co-Production through Iterative 
Engagement: Doing WITH vs. doing TO stakeholders 


Distill key Identify & 
messages prioritize 
stakeholders 
Simulated 
Model oe 
CREATE 
& PLAN 


Analyze requests & 
incorporate feedback 


Develop 
Impacts Explorer 


Document learning 


Match messages 
with stakeholders 


PREPARE 


Translate 
(interpret & visualize) 


Select best option for 
convening 


ENGAGE 


Scientist-stakeholder 
Interactions 


Listen, gather input, 
assess needs 


UNDERSTAND & 
RESPOND 
Figure 1. Process diagram of stakeholder engagement in AgMIP Phase II 


When researchers and decision makers co- 
produce scientific evidence they engage early 
and often around research questions, methods, 
scale, and time frames to ensure that the sup- 
ply and demand sides of the process speak to 
each other. True knowledge co-production re- 
quires that scientists move beyond interactions 
designed to coerce, educate, inform or consult 
stakeholders. 


In such a scenario, stakeholder needs assess- 
ment is on-going and iterative, which suggests 
building upon or within existing partnerships 
and networks. Existing relationships between 
researchers and decision makers offer excel- 
lent entry points for linking evidence to deci- 
sion making processes. Designing for iteration 
demands team foresight and associated step- 
by-step planning, as well as adaptively manag- 
ing the engagement process. Teams that adopt 
a “learning-by-doing” approach will optimize 
success. Figure 1 illustrates the approach to 
stakeholder engagement that was adopted in 
Phase II of AgMIP. Teams were encouraged to 
move through the following steps, learning 
iteratively over time Step 1: Create and plan, 


Step 2: Prepare for convening, Step 3: Engage, 
Step 4: Understand and respond, Step 5: Learn 
and adapt, Step 6: Repeat & refine 


The practice of stakeholder engagement 
includes the ability to: 


Identify potential stakeholder decision con- 
texts and policy platforms 

Prioritize target audiences 

Leverage partnerships to optimize entry 
points 

Articulate the specific purpose of engage- 
ment 

Establish mechanisms for team planning, re- 
source allocation, documentation & learning 
Interact with stakeholders to link research 
goals with stakeholder interests 

Frame and visualize research results accord- 
ing to stakeholder decision contexts 

Refine key messages collaboratively with 
stakeholders and tailor results for specific 
audiences 

Adapt research directions to maximize rel- 
evance to stakeholders 

Develop information briefs that feature 
team innovations and successes 
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5. Tips for improving stakeholder engagement toward 
knowledge co-production 


The following list of “TIPS” was gleaned from 
insights during AgMIP Phase II. 


1. Reflect on Motivation 

e Why engage stakeholders? If the answer is 
for better data, then stop. 

e Do we understand the costs associated 
with co-development? How willing are 
we to pay those costs? 

e Revisit the following concepts: 

i. Power 

ii. Partnerships 
iii. Incentives 
iv. Attribution 


2. Define exactly what is meant by co-devel- 
opment and by whom? Where would the 
approach to co-development fall on this 
scale? 

e Coercing 

e Educating 

e Informing 

e Consulting 

e Engaging 

e Co-design 

e Co-production 

3. Define the primary target audience for the 
investment in RIA protocols and plan for 
delivering to THAT audience. Change goal 
posts only in mutually agreed upon ways. 

e Other modelers 

e IPCC 

e Regional bodies engaged in climate 
change planning and response 

e National bodies engaged in climate 
change planning and response 

e Sub-national bodies engaged in climate 
change planning and response 

e Implementing agencies 

e The donor 

4. Build engagement (and learning) func- 
tionality into the multi-disciplinary model- 
ing team 

e Hire a stakeholder liaison or catalyze 
latent capacity within the team (Consider 
key skillsets and network embeddedness. 


Functions including managing facilitation, 
documentation, coordination, and rela- 
tionships) 

e Emphasize teamwork: clarify within-team 
roles and develop mechanisms to foster 
integration and learning 


e Learn-by-doing: Prioritize regular ex- 
changes across disciplines for on-going 
reflection 


5. Identify and come to grips with the trade- 
offs associated with inviting others into the 
scientific process 


e How far are we willing to go to meet oth- 
ers’ needs? 


e How to prioritize feedback and response? 


e Whose comments, needs, requests matter 
most and how to negotiate them? 


Prior to bringing in partners, collaborative 
leadership planning provides an opportunity 
to build a shared understanding about the pur- 
pose for engagement and to clarify the roles 
and expectations for specific contributions of 
each partner and team member. 


Stakeholders participate in AgMIP South India meeting 
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Discuss the following questions BEFORE proposal 
development, budgeting and activity allocation. 


e Beliefs & Attitudes: What personal beliefs 
about power and collaboration toward 
outcomes do we have? Co-development 
means bringing others in at the outset; are 
we ready and willing to do that? 


e Goals & Expectations: Is our goal a product 


or a relationship? What outcomes do we 
expect from this project/process of co-de- 
velopment? How flexible are our modeling 
systems? How will we respond when the 


demands of stakeholders fall outside project 


goals? 


a Plana process of negotiating outcomes 
with potential co-developers. 


e Audiences: Who would, could, or should be 


engaged and for what; what incentives are 


there for others to engage with us? What de- 
cision contexts and policy platforms can we 
access? What aspects of the project resonate 


with stakeholder interests? 


e Outcomes: What networks and relation- 
ships do we want to develop from this 
process and why? What is our timeframe? 


Are we committed beyond the project fund- 


ing cycle? 
e Feedback: What kind of feedback or input 


are we hoping for and what will we do with 


it? 


e Purpose: What objectives can we develop 
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that will combine the previous 4 points? 
(Define a clear purpose for engagement— 
when, where and why is it co-develop- 
ment?) 


e Purposeful Design: What type of scientist- 


stakeholder interactions are most appropri- 
ate considering the purpose of engagement? 
Who should be in the room during each 
event/interaction? What kinds of activities 
will allow for cross-boundary dialog and 
knowledge exchange? What pre-work is 
needed among modelers? 


Documentation & Sharing: How are we 
going to document these activities and out- 
comes and share them (within the team, for 
leadership, with other modelers, with the 
donor, etc.)? 


Roles: What are the roles for various role 
players and who will take responsibility for 
highlighting and managing new areas of 
focus: facilitation, documentation, coordina- 
tion, relationship management? 


Ownership: How will this project improve 
the degree of ownership that OTHERS have 
of the research products—getting them used 
in decision making? What sort of follow up 
do we envision with these participants? 


Improved Research: How will this project 
improve the quality of our science? (How 
will we track our own adaptation?) 


Track Change: How will we evaluate this 
undertaking? 


252 AgMIP Guidelines for Engaging Stakeholders in Integrated Model Efforts, V. 2.1 


6. Background on the AgMIP Stakeholder Unit (SU) 


Goals of the SU 


The Stakeholder Unit (SU) has been created 
within AgMIP in order to increase the utility 
and relevance of the project’s science outputs. 
As set out in the SU Outcome Logic Model, 
the unit’s vision of the future is that AgMIP 
contributes to evidence based decision mak- 
ing at continent, region, country and local 
levels by generating more relevant and robust 
projections of climate impacts on agricultural 
systems—of use to decision makers. AgMIP’s 
Stakeholder Unit has enhanced the willingness 
and ability of leadership and teams to plan 
and implement projects with users’ needs and 
frame of reference at the forefront--scientists 
build models that generate outputs or results 
of use to stakeholders. 


The SU has designed four main pathways to 
achieving anticipated outcomes: 


1. Capacitate a cohort of scientists who are 
willing and able to engage decision mak- 
ers in meaningful ways to increase the 
relevance of their models to climate/crop/ 
livestock decisions. 


2. Develop capacity of all AgMIP project 
members to build users into the research 
design and development processes. SU ac- 
tivities contribute to models that are well 
integrated, coherent, inter-dependent. SU 
helps change the way models are planned, 
developed and rolled out -- with particu- 
lar attention to relevance and context— 
contributing to their success. 


3. Document best practice for building the 
capacity of researchers to: understand 
importance of stakeholder engagement; 
engage next users and end users of sci- 
entific research products from inception, 
and document stakeholder feedback to be 
incorporated into the research process. 


4. Contribute to early generation AgMIP 
Impact Explorer (and possibly other tools) 
whose legacy is still relevant to climate 
change adaptation decision making. 


Stakeholder Liaisons: A vision for ex- 
panding capacity in AgMIP 


Stakeholder Liaison (SL) Role: 


The role of the SL is to develop interactive 
spaces that help build meaningful relation- 
ships among scientists and stakeholders so 
that AgMIP results and their applications can 
be translated effectively and explored col- 
laboratively. SLs will work equally as closely 
with RRT scientists (information supply side) 
and stakeholders (information demand side). 
Although the SL will work with AgMIP teams 
to translate research findings, they are not 
tasked with being science messengers. Neither 
are they expected to convince audiences that 
climate change is real or that AgMIP model- 
ing and research results are useful for decision 
making. During Phase II SLs are responsible 
for collecting specific feedback from stakehold- 
ers related to their needs and requests for new 
types of research outputs. SLs will document 
how the design of scientist-stakeholder inter- 
action processes affects dialog and outcomes. 
Furthermore, SLs will explore how model- 

ing changes in response to stakeholder input. 
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Emphasis will be placed on collecting success 
stories and instances of failure (non-use of 
information) as well suggestions for future 
climate research development, packaging and 


help prepare country teams for stakeholder- 
driven research and will work closely with the 
PI or an identified team expert liaison to initi- 
ate and conduct project outreach activities. All 


roll-out. team members will facilitate the integration of 
this new member and will contribute to a suc- 
Rationale cessful stakeholder engagement process. 


AgMIP researchers are focused on building Characteristics of a stakeholder specialist 


better models. DIFID, the funder of AGMIP e Ability and willingness to transcend hier- 


Phase II, is focused on guiding rural develop- 
ment through relevant science. In order for 
these two agendas (AGMIP’s & DIFID’s) to 


archies and sectors. This person is comfort- 
able interacting with others from fields 
to boardrooms. They are able to expand 


meet synergistically they must be linked inten- 
tionally. Phase 1 of AgMIP in SSA and SA was 
focused on establishing and demonstrating a 
multi-model, multi-scenario framework for re- 
gional integrated assessment of climate change 
impacts which required a great deal of techni- 
cal expertise. Phase 2 will emphasize stake- 
holder engagement so that we can inform our 
work to best meet stakeholder needs. During 
this critical moment as the project transitions 
from Phase I to Phase II, AGMIP teams will 
reorient modeling efforts to create products 
that stakeholders can use and they will explore 
the utility of their research results with a wide 
range of decision makers. Considering this e Talents as a generalist & integrator are more 
modified focus, AGMIP teams will be expected important than technical expertise in any 

to perform new functions. Doing different particular field. Ability to integrate results 
things with the models (vs. improving them and connect disciplinary silos. 

technically) requires different skills. Further- è 
more, Phase I activities will demand time for 
sufficient follow-up with stakeholder partners. 
Therefore, each RRT is expected to hire an 

expert or catalyze latent expertise within cur- 

rent team so that one member is responsible 


potential stakeholder pools beyond “the 
usual suspects” with particular attention to 
gender, age, resources/ societal position. 


e Well-networked externally (with cross- 
sectorial legitimacy). This person either 
has existing direct access to stakeholders or 
knows who to call. They need to be familiar 
with regional and national brokers and be 
able to take advantage of connections they 
already have. 


e Drive for outreach and relationship build- 
ing (often requiring cold calling and persis- 
tent follow-up) 


Communication and interpersonal skills 
(includes the ability to listen). Conversion 
& conveyance (translation of user needs (to 
scientists) and of complex science topics (to 
stakeholders) 


for the stakeholder engagement job functions 
described below. 


SL Official Job Description/ Function 


(distributed to Teams in 2014 to guide hiring 
of new SL) Coordinate team efforts so that 
applications of AgMIP’s regional integrated 
assessment framework and methods answer 
questions of relevance to adaptation decision 
makers. The new stakeholder specialist will 
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e Willingness and ability to engage in an on- 


going reflective process, documentation of 
lessons learned, and sharing results with 
team and broader AGMIP community 


Familiarity with AgMIP project and outputs 
would be a bonus (know team members 
and language of project). 
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7. Stakeholder Prioritization: 


The Interest Influence Grid Activit 


In June 2016, teams were asked to 
arrange stakeholders from Phase I on 
an influence/interest grid (by name 
& function) and to prioritize 3 key 
audiences for Phase II. They were 
asked to reflect on how to frame key 
messages from Phase I with different 
target audiences. Participants agreed 
that this activity should account for 
RRTSs history with stakeholders. We 
suggest adding a +, - or 0 on the 

grid activity to signify the degree to 
which RRT has worked with stake- 
holder before (in addition to influ- 
ence and interest). 


High 


POWER / 
INFLUENCE 


Low 


Recognize that this grid is a snapshot and that 
these systems are dynamic — individuals and 
institutions are constantly changing. A quick 
version of this analysis could be done periodi- 
cally as results emerge—to assess how stake- 


8. 


Conventional project designs tend to situate 
“needs assessments” as an initial stage of proj- 
ects with the goal of orienting activities. How- 
ever, in reality, as partnerships mature over time, 
new needs emerge and novel ideas or opportu- 
nities reveal themselves. We view needs assess- 
ments as iterative and expansive as opposed 

to the one-time snapshot approach. Therefore, 
it becomes important to manage expectations 
during the course of project cycles with a view 
to long-term knowledge co-production. Teams 
can benefit from providing stakeholders with 
explicit feedback regarding the possibility of 
satisfying their needs. The South India team has 
innovated a mechanism for managing expec- 
tations by categorizing evolving stakeholder 
needs according to requests that are: 


Engage closely 
and influence 
actively 


Keep satisfied 


Indicate 
partnership 
history 
with +, O, or - 

Monitor 


iima Keep informed 


effort) 


Low High 


INTEREST 


holder interest changes as findings and 
messages mature. At the end of Phase II, it 
might be valuable to conduct another simi- 
lar exercise with each team to determine a 
focus for Phase II, IV, V... 


Needs Assessment as an On-Going Process 


1. already being investigated in AgMIP 
Phase II 


2. could be incorporated into Phase II mod- 
eling 

3. are critical elements to build into a Phase 
III project and 

4. will never be assessed using AgMIP meth- 


odologies, but could be met through other 
channels. 


Consider inventorying stakeholder needs ac- 
cording to these four categories as part of your 
team’s engagement documentation. 
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9. Meeting/Event Listening and Reflection Tool 


The following issues can have significant im- 
pacts on the success of engagement activities. 
Pay attention to them in order to enhance your 
listening and maximize your observation dur- 
ing the meeting. Review these questions prior 
to any stakeholder event and reflect back upon 
them when your team meets to debrief. Les- 
sons learned should be documented, shared 
throughout the team and incorporated into 
planning the next event. 


note taking, logistics, etc.). 


e SCIENCE TRANSLATION, INTERPRE- 
TATION & EMERGING THEMES: How 
are presentations received? Are there any 
challenges with misinterpretations or mis- 
understandings? What raises concerns or 
creates confusion? Which aspects of AgMIP 
stimulate the most discussion? Is anything 
missing from discussion? 


e STAKEHOLDER NEEDS & FEEDBACK: 
How familiar are stakeholders with the 
AgMIP project and results? What needs and 
interests do stakeholders express? What in- 
sights do stakeholders offer about a) inputs 
for adaptation packages or RAPs; b) AgMIP 
results /key messages? What questions do 


e PURPOSE/OBJECTIVES: What are you 
engaging for? What are the objectives of the 
event/meeting? 


e PARTICIPATION: Who attends the meet- 
ing? Were the right people in the room, con- 


sidering what the team hoped to achieve? 
Pay attention to body language. Who domi- 
nates the discussions? Who is not heard? 


FACILITATION: Who did you engage or 
select as a designated facilitator? Watch and 
listen with eyes and ears toward opportu- 
nities (missed and captured) to enhance 
engagement through facilitation. How does 
the process work? What could have been 
different? (Agenda design, use of time, at- 
tention to introductions, format of presenta- 
tions, visualization of results, management 
of discussion and stakeholder feedback, 


Amy Sullivan (L) and stakeholder (R) discuss research 
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stakeholders ask? In which ways can stake- 
holder feedback inform AgMIP research 
and future modeling activities? Which 
contextual aspects (even if they cannot be 
included in models) deserve attention? 


OUTCOMES: To what extent are the objec- 
tives met? What do stakeholders get out of 
the meeting? What does the AgMIP team 
achieve? What kinds of follow up/next 
steps are suggested? 


POLICY/DECISION ARENA: Do you gain 
insights on the policy environment? What 
key mandates, and institutions, policies (or 
decisions) do stakeholders discuss? What 
are current sources of climate, agricultural 
and economic projection information? What 
new entry points/ potential partnerships or 
opportunities emerge from the meeting? 


PARTNERSHIP HISTORY: What is the 
engagement history among stakeholders 
and AgMIP scientists? Considering a team 
timeline, where in the engagement process 
does this meeting fit? How does it build 
on previous meetings? How do previous 
interactions influence the meeting process 
and outcomes? 
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10. Planning a Meeting vs. 


Developin 


Instead of planning individual events in isola- 
tion, consider stakeholder engagement as a 
series of meetings and interactions. Develop a 
long-term strategy so that each activity builds 
on the previous one. A timeline is a useful 
visualization tool to summarize engagement 


and Documentin 


over time as shown in the example below. 
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Engagement Strate 


June July August Sept. Oct, Nov. Dec. Jan Feb March April May 
-@ @ 
 ) zg @ x 
Pretoria ‘O2results 12™ in Bloem skype 13-15 CapeTown 
Planning d psc University Planning Adaptation Futures 
i: 
APARI Symposium AgMIP results small 
AgMIP overview group discussion - 
visibility A validation 
25-28 
Bloemfontein 15 Ti ; 
16 national &provincial 3 Bloemag Bloemfontein 
Policy Makers policy makers 15 Policy Makers 
RAPS Inputs Reaction tokey Collaborative 
messages (Q2) lnterpretationof 
oO RIA (01-4) 
20° skype 
Debnef e 
1% " 
1 Oxfam ir m person 
Reactiontokey debrief 
messages (02) 
sÅ 
5 CARE Int. Dev agents ® RRT meeting 
Reactionta key messages [Q2) 
A Stakeholder meeting 


25 skype 
Debrief 


( ] Conference presentation 


A table can also be used to record all meetings, including information, such as: 


Bloemfontein 


1 demographer, 2 economists, 2 
agronomists, 3 soil scientists, 1 plant 
pathologist... 


Date & Purpose Stakeholder Type & Representation Highlights/Key insights / 

Location Quotes & Follow up 

224 June, RAPS planning meeting | RRT Economic modelers, SL and PI Discussed RAPS elicitation process 

Pretoria =5 people and seating logistics. Reorganized 
presentation outline. Identified 
need to invite Mr. Nduna from 
previous engagement. Find a copy 
of state action plan for climate 
change. 

25-29" June, | Inputs for RAPS 16 university experts (3 hydrologists, | Heavy rain and flooding limited 


engagement. Electricity not working 
so no power points. Completed 
matrix for all but 3 indicators using 
printed copies. One-on-one 
interviews suggested. Contact Mr 
Sly and Dr Djbouti... 


Etc. 
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I l. Stakeholder Mapping 


Stakeholder Mapping (mandates): 


Given the objectives of the stakeholder engage- 
ment, what is the institutional and/or organi- 
zational milieu within which the information 
fits? A thorough understanding of the context 
of decision making, vis-a-vis the information 
available must include a picture of the relevant 
institutions with mandates related to the key 
messages. Map the range of stakeholders who 
have a stake in this information. This hierarchy 
or web can help pinpoint where best to inter- 
vene and where best to engage for outcomes 
and eventual impact with the information that 
you have. 


Prioritization — Specific Stakeholder ID: 


Match making exercise where the supply (proj- 
ect outputs) and demand (stakeholder needs) 
are brought together. This step is guided by the 
previous steps and begins bringing together 
the best available information with those most 
likely interested in it for use in planning and 
delivery. This might be built upon networks 
and strategic partnerships of those who have 
accompanied the process (contributing to 
RAPs for example) this far or may be new or 
different groups who have not yet engaged 
with AgMIP RRTs. 


12. RRT Emerging Insights 


Elicitation & Dialog in AgMIP: Questions to catalyze climate conversations 


The CIWARA team used these questions successful- 
ly to stimulate dialog with stakeholders in a panel 
(Dakar, Senegal, Feb 2016) about climate change, 
agriculture and the value of visioning the future. 
Try them! 


1. Please introduce yourselves, and explain 
in 3 minutes how your work relates to, or 
integrates adaptation to climate change 


2. So... what do you think about what 
you've seen from AgMIP? Like? Dislike? 
Surprised? More of the same? 


3. Is climate changing in this region? Are you 
experiencing it right now? 


4. What are the key climate risks that you 
have to deal with in your everyday prac- 
tice? What do you do about these — how 
do you manage? 


5. Where do you normally go to get informa- 
tion about climate change impacts? What 
do you like about your sources? Don’t 
like? What are you missing, that you 
would like to get? 

6. In 2050, what will [Senegalese] children 
eat for breakfast? What do they eat now? 
Where will they get their 2050 breakfast 
from? What will be the most popular pro- 


tein source in the Dakar markets in 2050? 
The most fashionable? In 2050, where will 
the average citizen work? On farm? Off 
farm? Will s/he commute? How? 


7. In your work and institution, how do you 
(your colleagues) do fore-sighting? What 
mechanisms, strengths, weaknesses? 


8. Do you think [Senegalese] / African poli- 
cy instruments / processes for CCA are in 
touch with local priorities? If yes, how can 
science leverage them? If not, how can sci- 
ence assist? What are the best conduits? 


9. Is current science effective at informing 
[Senegalese] policy makers for climate 
change adaptation? If yes, can you give 
specific examples of successful interac- 
tions and influence? If not, how could that 
be improved? 


10. Where do you see adaptation taking place: 
primarily within systems (e.g. change in 
agronomic practices) or between systems 
(e.g. change in livelihood strategies)? 


11. Have you been involved in the COP21 
(preparation and/or attendance)? What 
repercussions do you foresee on your own 
work /work planning? Particular areas of 
excitement or concern? 
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Assessing & Improving Key Messages with Stakeholders 


The CLIPS team developed a survey for stakeholders to 
assess and refine Phase 1 messages. Consider adapting 
and using these in your work. 


WRITE KEY MESSAGE HERE 
(climate, crop, economic) 


Based on your experience does this message 
make sense/seem true to you? (circle yes/no) 


Please tell us why -- elaborate. If yes or if no, 
add on the discussion. Say you’ve seen this 
in action. Or say you’ve seen the opposite in 
action. Or do you believe it is only true for 
this area.... etc 


e What questions arise for you now that you 
know this? 


e How would you use this message? 


What would you do differently now if you 


were to incorporate this into your work? 
Who do you think needs to know this re- 
sult and why? 


Is this your first time interacting with 
AgMIP scientists? Y/N 


If no, how have you been engaged prior to 


today? 

Type of Participant (mark with X) 
Government departments 
Research and University 

NGO Staff district level 

NGO staff Pprovidncial level 
Add others here 


13. Policy Briefs, Fact Sheets & Impacts Explorer: 
Tailoring materials for different Audiences 


KEY points to consider: 


1. Matching audience and content or content 
and audience 


Best medium for messages 
3. Stand alone or series? 


Organizational/institutional publications 
or blogs (CCAFS, ICRISAT, IWMI, GWP, 
etc) 


ape 


Climate 
Meerut, India 
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The back side of a sample InfoBrief presenting AgMIP 
research to stakeholders in a palatable way 
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14. The Team “Debrief” 


i 


Shortly after the stakeholder event or meeting, 
teams are encouraged to “debrief.” Debrief- 
ing is a powerful and simple tool. A debrief 

is a reflective discussion on what happened 
and why, as well as what was learned and its 
importance. A team debrief is essentially a 
structured learning process that can help align 
thinking and reveal key insights. Findings will 
help teams identify specific implications for 
future work. 


Guiding Questions 

1. What happened? 

2. What did you notice? (Observations) 
What surprised you? 

3. How did you feel before, during and after 
the event? 

4. What are some key insights? 

What was missing? What did not happen? 

6. Considering what we set out to do: What 
went as expected and what turned out 
differently? 

7. Were the goals clear to the audience? 
Were the presentations appropriate? Were 
instructions clear? 

8. Could we have taken a different approach 
to achieve our goals more effectively and 
efficiently? 

9. What type of follow-up seems most 
important? 

10. What are some implications of this event 
for future work? 


or 


Stakeholders engaging with scientists at on-farm meeting 
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When debriefing, keep in mind the following: 


e Facilitation of the debriefing: You need 


somebody to keep people on track or you 
will get stuck answering question one or 
two. Give different team members the op- 
portunity to practice facilitating the team 
debrief. 


Participation in the debriefing: Make sure 
all team members get a chance to offer input 
into the discussion. (Round Robbin works 
well to initiate discussions.) 


Motivation: A debrief is not the same as an 
evaluation. It should not be dreaded, overly 
critical or taken personally. Keep it brief 
and interesting! The list of questions above 
is not to serve as a check-off list, but rather 
to gently guide and promote meaningful 
reflection. 


Documentation: Reflections from each team 
member will be slightly different. Diversity 
matters! Take notes and consider adding 
insights to the event report. 
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15. Event Report Outline 


Remember, “Tf it is not documented 
— it never happened!” 


Documentation 


Documenting detailed stakeholder feedback is a 
critical component of engagement. An event re- 
port should contain the following components: 


1. Meeting Purpose & Specific Objectives 

2. Location, Date, Duration etc. 

3. Audience Description (Numbers of partic- 
ipants by stakeholder groups represented, 
history of interactions with the group - 
previous meetings) 

4. Activities, Discussions and Presentations 

5. Photos 

6. Outcomes from # 4 - Include “quotes” 
from participants and a summary of key 
findings 

7. Conclusions & Follow up - List action 
items (and deadlines) for next steps 

8. Evaluation — need not be complex but 
should reflect participant assessment of 
the event 


9. Appendices 
a List of participants, institutions, contact 
information, etc. 
a Agenda 


Left: farmers meet to discuss their practices with scientists 
Right: Wendy-Lin Bartels and stakeholders discuss 
methods to presenting information 


The value of keeping track 
of engagement 


Consider why you are writing these event re- 
ports. Who is the event report for? Reports are 
valuable for many reasons, including: 


a accountability (to comply with contractual 
obligations) 

a to store valuable information that the RRT 
can reference later (an institutional memory 
of engagement) 


a to share progress with others and track 
change over time 


a to plan follow-up activities 
a to stimulate team discussion and learning 


a to share with stakeholders for their own re- 
cords in gratitude of their time commitment 


Caution: Document stakeholder feedback 
accurately! 


e Although summaries of stakeholder input 
are valuable, they reflect the note-taker’s 
own filtering process and personal biases. 
Therefore, we recommend that you docu- 
ment direct quotations (write the exact 
words people use, not your own interpreta- 
tion). List all the questions that emerge. 


e Make sure you have a good note-taker! (... 

not the same person as the facilitator!). Ask 
for permission when taking notes and indi- 
cate how that information will be used. 


2023 © The Author(s). This is an Open Access chapter published by World Scientific Publishing 
Europe Ltd, licensed under the terms of the Creative Commons Attribution 4.0 International License 
(CC BY 4.0). 

https://doi.org/10.1142/9781786348791_bmatter 
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EXECUTIVE SUMMARY 


Approximately 150 researchers and stakeholders convened at the headquarters of the Inter-American 
Institute for Cooperation on Agriculture (IICA), in San José, Costa Rica from April 24-26, 2018 for the 
Seventh AgMIP Global Workshop (AgMIP7). Specific goals for the week included: 


1. Demonstrating how AgMIP can help address major global and national challenges including the 
Sustainable Development Goals and climate change mitigation and adaptation planning. 

2. Convening the agricultural modeling community and sharing AgMIP vision, latest findings, 
activities, and focus areas. 

3. Identifying opportunities for major stakeholder-driven efforts related to Next Generation Tools, 
Coordinated Global and Regional Assessments, and Sustainable Farming Systems. 

4. Bolstering AgMIP Initiatives in Latin America and the Caribbean; and 

5. Planning AgMIP activities and outputs for the years ahead. 


Through plenaries, working groups, dialogues, panels and side sessions, participants were brought up to 
date on the status of the many different AgMIP initiatives around the globe, shared cutting edge methods 
and findings, identified key science messages, discussed priorities and planned collaborative actions to 
further the goals of the consortium. 


New areas of research and initiatives include better understanding plant response to changing 
carbon/temperature/water/nitrogen (CTWN) conditions, modeling the effects of ozone on crop production, 
modeling short term shocks/risks, developing monitoring and forecasting tools for agricultural systems, 
connecting stakeholder-driven integrated assessments across disciplines and scales, and expanding 
participation and efforts in Latin America and the Caribbean (LAC). Holding AgMIP7 in Latin America for 
the first time successfully encouraged participation of 20+ different researchers and stakeholders from the 
region. Participants identified goals and several next steps to advance LAC initiatives throughout AgMIP7 
and in particular during the three LAC-focused side sessions (conducted mostly in Spanish). 


Members of the AgMIP community recognized the need to better involve stakeholders (non-scientists) in 
the consortium and committed to action to ensure that information needs are being addressed and that the 
science produced is being applied in decision-making. This includes focusing on three key areas moving 
forward: supporting mitigation and adaptation planning and action, emphasizing the impacts of shocks in 
shorter timeframes, and better integrating food and nutrition security into the research. 


Appendix C 


INTRODUCTION 


The Agricultural Model Intercomparison and 
Improvement Project (AgMIP) is a collaborative 
network of international scientists and 
stakeholders motivated to improve current and 
future food and nutrition security. The mission is 
to provide effective science-based information to 
facilitate agricultural decision-making in the face 
of current pressures stemming from climate 
extremes, climate change, and the drive for 
sustainable farming systems to achieve local-to- 
global food security. To do this AgMIP connects 
experts across disciplines, scales, methods, 
models, and institutions to identify and prioritize 
strategies for a more productive and resilient 
future. 


Climate change is anticipated to significantly 
change the world’s food systems in the coming 
decades. Negative effects will be exacerbated by 
increasing population and urbanization as well as 
demographic factors such as income, poverty, 
shifting dietary demand, and food insecurity. The 
availability and adequate access at all times to 
sufficient, safe, and nutritious food to maintain a 
healthy and active life around the world requires 
changes to agricultural system approaches, now 
and in the future. Farmers face complex 
challenges to achieve a consistent food supply to 
meet the demand of the growing and developing 
populations under the changing climatic 
conditions while achieving sustainability to 
enable the success of future farming systems. 
AgMIP contributed to solving these challenges by 
working to understand key processes and 
linkages across many agricultural system 
components while consistently connecting across 
scales. 


AgMIP Global Workshops bring together the 
international community of scientists developing 
the next generation of integrated model systems 
to assess food security in a changing world, and 
engage with other stakeholders to inform decision 
making and action towards resilient and 
sustainable agricultural systems. The Seventh 
AgMIP Global Workshop (AgMIP7) was held at 
the Headquarters of the Inter-American Institute 
for Cooperation on Agriculture (IICA) in San José, 
Costa Rica from April 24-26, 2018. 


This AgMIP7 Global Workshop Report includes a 
summary of the event with objectives of each 
session, key points made by speakers, results of 


working groups, future plans and next steps. The 
agenda, a list of participants, and links to 
abstracts and presentations are provided in the 
appendix to the report. Plenary presentations can 
also be viewed via links provided within the report 
text. 


In keeping with its theme “Enhancing Resilience 
over Time and Space,” the workshop provided 
the AgMIP and IICA communities an opportunity 
to convene and share the latest findings, activities 
and focus areas for the future. The event was 
organized around the three motivating AgMIP 
themes: 


Next Generation Knowledge, Data, and Tools 
— new data, models, and advanced knowledge 
tools to ascertain sustainable production for the 
present and future. 


Coordinated Global and Regional Integrated 
Assessments — linkages between international 
climate, markets, food policy and regional 


Inter-American Institute for 
Cooperation on Agriculture 


As the specialized agency for 
agriculture of the Inter-American 
System, IICA includes South America, 
Central America, the Caribbean, and 
North America and supports the efforts 
of its 34 Member States to achieve 
agricultural development and rural well- 
being. IICA provides direct technical 
cooperation focusing on strengthening 
institutions and public policies, capacity 
development, and knowledge 
management and use. The Institute 
promotes South-South cooperation, 
consensus building, stakeholder 
coordination, and the use of science 
based decision making to advance 
action towards agricultural health and 
food safety, improved natural resource 
management and resilience to climate 
change, competitiveness, inclusion and 
rural development. 
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adaptation planning, including nutritional quality 
in crop production. 


Modeling for Sustainable Farming Systems — 
protocol-based research to study linked climate, 
crop and economic models with emerging 
technology and adaptations of interest to 
stakeholders to anticipate climate smart 
investments. 


The specific goals of the workshop were to: 

1. Demonstrate how AgMIP can help address 
major global and national challenges 
including the Sustainable Development 
Goals and climate change mitigation and 
adaptation planning. 

2. Convene the agricultural modeling 
community and share AgMIP vision, latest 
findings, activities, and focus areas. 

3. Identify opportunities for major stakeholder- 
driven efforts related to Next Generation 
Tools, Coordinated Global and Regional 
Assessments, and Sustainable Farming 
Systems. 

4. Bolster AgMIP Initiatives in Latin America 
and the Caribbean. 


5. Plan AgMIP activities and outputs for the 
years ahead. 


DAY 1 


Welcome from IICA 


Dr. Diego Montenegro Ernst, Director of 
Management and Regional Integration at IICA, 
provided a poignant opening to the workshop on 
behalf of Dr. Manuel Otero, Director General of 
IICA. He reminded participants of the essential 
role agriculture plays in generating income, 
employment and food in Latin America and the 
Caribbean (LAC) and other regions of the world. 
The sector is experiencing increasing 
competitiveness and working to strengthen its 
presence in international markets, foreseeing 
agriculture as essential to guarantee the global 
food supply and the planet’s sustainability. But 
LAC, like many other regions in the world, is also 
facing many challenges. Water stress, soil 
degradation, extreme events, and high levels of 


Dr. Diego Montenegro Ernst, Director of Regional Integration and Management at the Inter-American Institute for Cooperation on 
Agriculture (IICA) in San José, Costa Rica. 
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poverty and malnutrition threaten livelihoods and 
the wellbeing of society. Montenegro noted that 
innovative strategies for anticipating and 
addressing the challenges are urgently needed, 
that would be well addressed by “the ‘winning 
partnership’ of IICA and AgMIP”, he noted. “The 
collaboration to organize and implement this 
workshop is one of many joint activities IICA and 
AgMIP are advancing to support countries in the 
development of science-based climate change 
adaptation and mitigation commitments, 
strategies, and plans for the agricultural sector”. 
The address provided an enthusiastic start to the 
workshop. 


Welcome from AgMIP 


Members of the AgMIP Executive Committee (J. 
Antle, S. Asseng, H. Lotze-Campen, C. 
Rosenzweig and A. Whitbread) introduced 
themselves, set the charge for the workshop and 
presented the workshop topics to be elaborated 
in Day 1 Plenary. This was the first Global 
Workshop of the new, 6-member executive 
committee established in 2018 by the AgMIP 
Steering Council. It was also the first Global 
Workshop for a re-vitalized Steering Council that 


Ghassem Asrar and Jean-Francois Soussana will 
continue to lead. 


The State of AgMIP and Challenges for 
Agricultural Decision Support 


The first Plenary Session featured presentations 
about the State of AgMIP and Challenges for 
Agricultural Decision Support. 


Dr. Ghassem Asrar, Director of the Joint Global 
Change Research Institute of Pacific Northwest 
National Laboratory at University of Maryland, 
College Park, and co-chair of the AgMIP Steering 
Council (with Jean-Francoise Soussana) 
addressed the role of agricultural research and 
the need for land-based carbon management. He 
noted how science and technology can contribute 
to effective implementation of multinational 
agreements that make particular reference to 
land use. 


Dr. Asrar cited linkage between the Sustainable 
Development Goals (SDGs) and the Nationally 
Determined Contributions (NDCs). He addressed 
that a holistic approach may best achieve the 
objectives of both, commenting on how society, 


Day 1 Opening Session. From left: Drs. Anthony Whitbread, Cynthia Rosenzeig, Ghassem Asrar, Diego Montenegro, Senthold 
Asseng and Hermann Lotze-Campen. 
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the environment and economy are interrelated, 
and identifying key objectives and how they 
intersect within an SDG and NDC framework. Dr. 
Asrar gave some specific examples of climate- 
smart agriculture in Bangladesh, and how it helps 
to reduce poverty, and address other challenges 
at the intersection of environment and society. 
“Climate change and increased salinization are 
factors that are affecting the contribution of 
agriculture to Bangladesh’s GDP”, he noted. 
“Integrated analyses and modeling is required to 
understand dynamic interactions and feedbacks 
within environment, food systems, 
socioeconomics, and the role of humans. This 
requires effective integration of data, models, 
analysis and stakeholder engagement in the 
developing phase while using appropriate 
science information and knowledge for decisions 
with a major focus on solutions”, Dr. Asrar added. 


Dr. Asrar also touched on the expected outcomes 
from agricultural research and the research 
funding opportunities available. The new 
initiatives of AgMIP include: calibration of existing 
models, the Impacts Explorer, Coordinated 
Global and Regional Assessments, Regional 
Economics Model Intercomparison, nutrition, low 
input systems, and a focus on the crop barley. 
Additional initiatives in development include 
extreme events and shocks, air 
pollution/radiation, monitoring and forecasting, 
risk assessment and intercropping. 


Dr. Senthold Asseng, University of Florida, and 
Dr. Hermann Lotze-Campen, Potsdam Institute 
for Climate Impact Research, then shared an 
overview of the current state of AgMIP. They 
reminded the audience that AgMIP is a 
distributed program with focus on model 

intercomparison and future climate change 
impacts, and multiple crop and agricultural 


economics modeling groups around the world. 
AgMIP started in 2010 and now has nearly 1000 
members and over 30 teams. 


Drs. Asseng and Lotze-Campen emphasized key 

areas and learning of AgMIP so far, including: 

e Tremendous interest within the agricultural 
research community for systematic, 
interdisciplinary, multi-model research and 
assessment. 

e Median of crop model ensembles best 
reproduces observed yields. 

e Crop responses to COz2, temperature, water, 
and soil carbon interactions are key factors. 

e Regional Integrated Assessments are 
extending methods for projecting changes in 
farm systems. 

e Global crop yield impacts project greater 
vulnerability in lower latitudes and in earlier 
decades; model uncertainty has now been 
explicitly characterized. 

e Limitations in fresh water may compound 
climate impacts in many regions. 

e Agricultural prices are projected to 
experience upward pressure from climate 
change and mitigation. 

e Food security impacts differ widely under 
different socio-economic pathways. 

e Opportunity to build resilience, adapt, and 
mitigate if we can anticipate challenges by 
capturing cropping systems interactions. 


Dr. Anthony Whitbread, Director of the Resilient 
Dryland Systems Program within the 
International Crops Research Institute for the 
Semi-Arid Tropics (ICRISAT), called for 
increased linkages with the CGIAR, a global 
research partnership for a food secure future 
dedicated to reducing poverty, enhancing food 
and nutrition security, and improving natural 
resources. “Its all about Research for 
Development, and CGIAR play a key role in 
bringing the AgMIP messages to the 
stakeholders. My aim as an executive committee 
member is to encourage linkages with CGIAR - to 
connect researchers to crop physiologists (crop 
modeling) to influence our breeding programs, to 
bring in policy and economics research more 
strongly, to connect the CCAFS (one of the major 
funding programs around climate change and 
food security) to AgMIP, and to take advantage of 
the community of practice, capacity development, 


Appendix C 


REPORT OF THE SEVENTH AgMIP GLOBAL WORKSHOP (AgMIP7) 


tools, methods and the knowledge exchange”, he 
said. 


Dr. Whitbread has been with AgMIP since he 
joined ICRISAT in 2014. As a prime contract 
holder of the DFID funded AgMIP project that ran 
from 2015-2017, Dr. Whitbread and his team 
worked closely with the AgMIP Coordination Unit 
at Columbia University to facilitate the work of 
seven regional teams across sub-Saharan Africa 
and South Asia. The purpose was to establish 
teams within each country (about 15 countries), 
that created and advanced a new method called 
regional integrated assessments. The method 
was co-developed with the teams by researchers 
from NASA, Columbia University, who also 
created, with partners at Wagening University, a 
results viewing tool called the impacts Explorer, 
University of Florida and Oregon State University. 
The teams built expertise using the new methods, 
which they used to explore and understand the 
climate change impacts and adaptation options 
(from biophysical and socio-economic 
standpoints), and co-designed adaptation 
pathways for agricultural systems with multiple 
stakeholders. The teams also worked with 
stakeholders to develop key messages from the 
results, which are featured in the viewing 
dashboards of The AgMIP Impacts Explorer. 


Dr. Whitbread continued by emphasizing the 
strength and importance of stakeholder 
engagement: “Stakeholder engagement across 
scales from farmer to policy level is the actual 
method to achieve the impact and change.” The 
CGIAR provides access to the network of 
stakeholders at a country level, as do 
organizations like IICA. “The AgMIP community 
of practice uniquely brings together the diverse 
teams of researchers, creates a platform for 
innovation, brings new science, and brings 
unprecedented linkages in collaboration between 
researchers in the developing world and 
researchers elsewhere.” 


“Enhancing agricultural resilience over time and 
space is crucial in order to ensure both human 
and planetary health”, Dr. Cynthia Rosenzweig, 
climatologist at the NASA Goddard Institute for 
Space Studies and member of AgMIP’s 
Executive Committee, said during the first day of 
the workshop. “AgMIP7 provides the opportunity 
to bring together the AgMIP community to 
strengthen agricultural resilience and mitigation 
in regard to food security and sustainability, now 
and in the future”, Dr. Rosenzweig added. 


Cynthia Rosenzeig addressing the Plenary Session on 
the State of AgMIP and Challenges for Agricultural 
Decision Support. 


Research Highlights and Opportunities 
(part 1) 


The first Plenary Presentations were followed by 
a second session about Research Highlights and 
Opportunities (Part 1). 


Dr. Pierre Martre, French National Institute for 
Agricultural Research (INRA), presented “Model 
Improvements from Model Intercomparison”. 
Martre described how model intercomparisons 
can lead to model improvements and explained 
that multi-model ensembles provide a means to 
reduce uncertainty and increase accuracy of 
projections. Crop models have now been tested 
with increased temperature, heat shocks, 
elevated CO2, and drought, which has helped 
researchers identify model deficiencies and 
knowledge gaps. In terms of model 
improvements, a large part of the uncertainty in 
multi-model simulations can be explained by 
variations in temperature response functions. 
Martre further explained how more systematic 
evaluation of knowledge gaps is required to meet 
the demand for Agricultural model projections 
(COz, N, water [drought and flooding], etc.). This 
suggests that “NextGen Agricultural Systems” 
models should be more transparent and allow 
more systematic intercomparison at the process 
level (which was further discussed on 
Wednesday in the Parallel Presentations Session 
2: Advanced Computational Applications for 
Agriculture). 


Co-principal investigator of AgMIP, Dr. John 
Antle, Oregon State University (OSU), presented 
“Key Findings from Integrated Climate, Crop, 
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Livestock, and Economic Assessments of 
Farming Systems in Sub-Saharan Africa and 
South Asia”. Antle began his presentation by 
emphasizing the importance of engaging 
stakeholders and the people in the regions, 
stating, “The key findings from integrated climate, 
crop, livestock, and economic assessments of 
farming systems are built on climate impact and 
adaptation science for the people, by the people”. 
Regional Integrated Assessments are built on five 
iterative steps: define risks (multi-models), 
engage stakeholders (network of experts), co- 
design pathways (future economy and 
emissions), co-design adaptations (farm system 
changes), and assess impact (vulnerability and 
economics). The final step of assessing impacts, 
as well as the 3% and 4" steps of co-designing 
pathways and adaptations — all lead back to the 
step of engaging stakeholders to ensure that their 
needs are met. 


Dr. Antle also mentioned the range of climate 
impacts across Sub-Saharan Africa and South 
Asia, explaining that there are winners and losers 
in all regions and that vulnerability can be high 
even when average impacts are small or positive. 
In terms of Zimbabwe and its future agricultural 
systems through different Representative 
Agricultural Pathways (RAPs), it is clear that the 
future scenario will be based on the decisions that 
are made now. A pathway with a climate change 
adaptation package that motivates 
transformational changes in policy and 
technology, including drought and heat tolerant 
crop varieties, would improve outcomes more 
than a pathway that prioritizes solely economic 
development. Dr. Antle noted that a hot-dry future 
climate would negatively impact the future 
agricultural systems in Zimbabwe regardless of 
the development pathway chosen. However, the 
sustainable development pathway provided a 
framework for improving future incomes in 
regions where climate has detrimental effects on 
crop or livestock productivity. The adaptation 
packages could offset the impacts of climate 
change - but in some cases they would not be 
enough to lift communities out of poverty. 


Dr. Alex Ruane, AgMIP Science Coordinator and 
Research Scientist at NASA Goddard Institute for 
Space Studies, New York, presented “/mpacts to 
Agricultural and Food Systems with Imposed 
Limits to Climate Change”. Dr. Ruane addressed 
the 1.5 and 2.0°C global warming scenarios 
requested by 197 countries in the UN Framework 
Convention on Climate Change (UNFCCC), 


which seek stabilization levels with global mean 
temperature rise from pre-industrial conditions 
(1861-1880) limited to below 2°C with 
stabilization at 1.5°C warming (note that the year 
2010 was already about 1°C above pre-industrial 
conditions). Dr. Ruane further explained the 
importance of understanding the difference 
between the 1.5 and 2 °C Worlds, the balance 
between the relative mitigation and adaptation 
burdens for the agricultural sector, and the 
sources of major uncertainties in assessments. 


To do this Dr. Ruane led a team of climate, crop, 
and economics experts in AgMIP’s first 
Coordinated Global and Regional Assessment 
(CGRA) connecting multiple disciplines, models 
(e.g. multiple GCMs, GGCMs, and global 
economic models), and scales (global, regional, 
and farm-level models) with consistent scenarios 
and passing of information between model 
components. 


Dr. Ruane summarized the noteworthy findings 

as follows: 

e First Coordinated Global and Regional 
Assessments (CGRA) implementation 
developed new infrastructure for multi-scale, 
multi-discipline, multi-model assessment. 

e Direct impacts of 1.5 and 2.0 °C worlds can 
lead to substantial changes in prices and 
agricultural areas (differential impacts by 
crop species). 

e CO? effects are a major source of uncertainty 
that can reverse signs of price and land use 
pressures. 

e Market disruption from mitigation is larger 
than the resulting adaptation burden at these 
low climate stabilization levels. 

e Regional analyses reveal pressures and 
opportunities that go against global 
perspective. 


“We need to create an environment that supports 
transformation of farming systems, in areas such 
as semiarid Zimbabwe”, Dr. Sabine Homann-Kee 
Tui, International Crops Research Institute for the 
Semi-Arid Tropics (ICRISAT), stated at the 
beginning of her presentation “Linking Integrated 
Assessments and Policy-Making to Enable 
Uptake”. Homann-Kee Tui raised unprecedented 
challenges, local vulnerability relating to small 
land and herd sizes (low productivity), food 
insecurity, malnutrition and health, resource 
degradation, conflicts over biomass and water, 
rising global fragility and planetary boundaries. 
“Research is seeking new ways to 
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unlock opportunities, household dynamics, 
gender, nutrition and diversity, through market- 
led approaches that integrate profitability, equity, 
agency, towards managing sustainability 
transitions with wider food systems 
perspectives,” she added. In terms of how this 
would be achieved, there needs to be guidance 
on relevant, effective, and outcome oriented 
transitions. Homann-Kee Tui described this 
briefly in three steps: One, diagnostics though 
integrated assessments and scenarios 
(characterize systems, define risks, assess 
impacts), two, engagement for influencing cross 
sectoral governance and policies (develop 
networks, co-design pathways, generate key 
massages), and three, outreach for accelerating 
change and perpetuating innovation 
(communicate, develop capacity). 


Dr. Homann-Kee Tui concluded by summarizing 
the uptake of research recommendations by 
policy makers in four steps. Starting with policies, 
institutions and governance (politics, power and 
relationships, direction, demand, coordination), 
and shift in perceptions values and mind sets 
(emotional responses, enlightening systems and 
wholes). Followed by understanding multi- 
dimensional impacts (AgMIP methods, data, 
information), stakeholder engagement (AgMIP 
networks, cross-scale dialogue, capacity 
development), and next generation programs: 
nutrition sensitive agri-food systems, biomass 
reserves for mitigating conflicts, and equitable 
benefit sharing and safety nets. She concluded 
that thought is required to upscale science to 
support decision making at a larger scale. This 
could include, for example, using a broader set of 
indicators to assess sustainability challenges and 
drivers, sensitize and synchronize food demand 
and supply sides, and develop handy road maps 
with policy decision makers for desired 
trajectories and more. 


The workshop shifted to parallel presentations 
session 1 and working group sessions for the 
afternoon. 


Parallel Presentations Session 1 


The topics, session chair and presenters: 

e Global Agricultural Modeling for 
Development and Climate Analysis #1 

Session Chair: Herman Lotze-Campen 


Joining forces: linking AgMIP, ISIMIP and 
TWI2050 for assessing sustainable 
development pathways - Herman Lotze- 
Campen 

Reconciling global sustainability targets and 
regional action for food security and climate 
change mitigation — Juliana Dias Bernardes 
Gil 

Reconciling irrigated food production with 
environmental flows for Sustainable 
Development Goals implementation - Jonas 
Jagermeyr 


Regional Assessments of Biophysical 
and Economic Systems #1 

Session Chair: Sabine Homann-Kee Tui 
Adaptation strategies for Cotton- Wheat 
Cropping System of Punjab Pakistan under 
Changing Climate Scenarios - Ashfaq 
Ahmad Chattha 

An integrated assessment of climate change 
impacts and adaptation in maize-based 
smallholder crop- livestock systems in 
Kenya - John Antle 

Will South Africa’s staple basket run empty 
by 2050? - Davide Cammarano 

Influencing sustainability transitions for 
smallholder farming systems in Southern 
Africa — Sabine Homann-Kee Tui 


Advances in Simulating Diverse 
Agricultural Systems 

Session Chair: Dakshina Murthy Kadiyala 
Introducing the CROPGRO Perennial 
Forage Model for Tropical and Temperate 
Grasses and Legumes - Ken Boote 

Climate change impacts and vulnerability of 
farm households in rainfed farming systems 
of Southern India - Dakshina Murthy 
Kadiyala 

Canopy temperature simulation for crop heat 
stress assessment: physical robustness 
environments and production conditions - 
Heidi Webber 


Climate Change Impacts on Biophysical 
Systems #1 

Session Chair: Senthold Asseng 

Climate change impact on global wheat 
protein - Senthold Asseng 

European winter oil seed rate production 
under climate change - Johannes Pullens 
Adjusting Climate Model Bias for Agricultural 
Impact Assessment: the BAD-JAM project — 
Stefano Galmarini 
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o Climate change impact on Mexico wheat 
production - Diego Pequeno 


Working Group Sessions 


After lunch, the group split up into seven working 
groups, each with a different focus. The first 
working group session 1: Goal and Agenda 
Setting by Overarching Research included the 
topics and discussion leaders as follows: 


e Crop Model Intercomparison and 
Improvement - Frank Ewert & Jean-Louis 
Durand 

e Utilizing Big Data and Next Generation 
Tools for Agricultural Decisions - Chery! 
Porter, Sander Janssen & Gideon Kruseman 

e Data Assimilation, Seasonal Agricultural 
Forecasting, and Risk Assessment - Alex 
Ruane, Joshua Elliott & Stefan Niemeyer 

e Global Economics, Trade, and Land Use - 
Hermann Lotze-Campen & Keith Wiebe 

e Integrated Assessments of Farming 
Systems and Implications for Decision 
Systems - Roberto Valdivia & John Antle 

e Nutrition and Food Security Analyses 
and Assessments - Cynthia Rosenzweig & 
Marco Springman 

e Characterizing Production Losses from 
Ozone, Pests, and Diseases - Lisa 
Emberson & Maurits van den Berg 


Day 2: Research Highlights and Opportunities (part 2). 


DAY 2 


Day 2 provided opportunities for sharing 
research highlights and opportunities through 
presentations given in two plenary sessions, 
summarized below. 


Research Highlights and Opportunities 
(part 2) 


In the presentation entitled “Current and Next 
Generation Climate Information for Agricultural 
Assessments” Dr. Sonali McDermid, AgMIP 
Climate Team co-Lead and Professor from the 
New York University, and Dr. Alex Ruane, AgMIP 
Climate Team co-Lead and Research Scientist 
from the NASA Goddard Institute of Space 
Studies, provided an overview of historical and 
future climate products that have been used for 
both AgMIP GGCMI and RIAs. They also 
highlighted that although there are many climate- 
relevant output variables generated for future 
climate scenarios, they were not necessarily 
formulated for impacts applications. 


Dr. McDermid further expanded on AgMIP efforts 
to increase the span of the modeling groups and 
discussed the integration in CMIP6 of more than 
10 new modeling groups, higher resolution 
models and improved climate processes, which 
are relevant to climate-agricultural interactions. 


alll 
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These will aid in identifying biases and bracketing 
systematic behaviors. 


“There has been an increased focus on climate 
shocks and the climate models are rapidly 
approaching spatial and temporal scales needed 
to better represent extremes” she stated. “There 
is also ongoing work to build a framework for 
drought risk assessments and disaster risk 
reduction”. Several AgMIP initiatives examine 
carbon dioxide, temperature, water, nitrogen, and 
adaptation sensitivity tests across multiple crops, 
models and farm systems. 


In his presentation on “Priorities in Modeling 
Developments”, Dr. Ken Boote, Professor from 
the Agronomy Department of the University of 
Florida mentioned that more uncertainty is 
contributed from crop models than from GCM 
models. He further highlighted the priorities in 
crop model developments while summarizing the 
main findings from crop model intercomparisons 
and discussing the challenges regarding gridded 
Land-Surface models and Ecosystem models. 
“These models have detailed 
photosynthesis/conductance, but lack sufficient 
crop reproductive parameterization and soil 
fertility characterization. Crop responses to 
carbon dioxide, temperature and water remain 
key sources of uncertainty’ Dr. Boote said. He 
encouraged increased modeling by soil fertility 
types with an emphasis on low-input agricultural 
systems, and called for increased data sharing 
amongst crop modelers. 


Dr. Dilys MacCarthy, University of Ghana, 
Ghana, and Dr. Heidi Webber, University of 
Bonn, Germany, focused on the impacts of 1.5 
versus 2 °C increases on cereal yields in the 
West African Sudan Savanna in their 
presentation “Recent Advancements in European 
and African Assessments”. MacCarthy and 
Webber concluded that in future production 
systems and socio-economic conditions climate 
change would have a positive impact on farms in 
Nioro in the future. However, unless markets 
improve, this could be accompanied by lower 
prices for the cereals. As a result, climate change 
could mostly have a negative impact on Nioro 
farmers’ livelihoods. 

Dr. Christoph Müller from the Potsdam Institute 
for Climate Impact Research presented “Main 
Messages from Global Gridded Model Analyses” 
and summarized key messages, including 
various opportunities for designing emulators for 
different purposes such as feeding into Integrated 


Assessment Models. Muller observed that though 
AgMIP started as an opt-in initiative, analyses of 
stakeholders point to the need to build a strong 
and lasting community. There is now a need for 
clearer objectives in addition to creating funding 
opportunities. Müller laid out proposed future 
directions for AgMIP, which include substantially 
improving the representation of management 
systems, as well as diversifying analyses and 
research foci. He recommended moving away 
from results reporting multi-annual means and 
looking more at variability, vulnerability and 
extreme events instead of just mean changes. 
Muller also suggested to expand the focus areas 
and explore the broader use of the outputs for 
food systems, nutrition, risk, water use, water 
pollution and degradation. 


Dr. Gideon Kruseman from the CGIAR presented 
“Roles for Big Data in Agricultural Analyses” and 
discussed the potential of Big Data and the 
Internet of Things, which play a major role in 
agricultural analyses. Because of the increased 
number of satellite products, we can compare 
detailed images showing properties related to 
crop inventory and crop health, even for 
inaccessible areas like Syria. “The Platform for 
Big Data in Agriculture at CGIAR aims to harness 
the capabilities of Big Data to accelerate and 
enhance the impact of international agricultural 
research for development,” he said. 


Research Highlights and Opportunities 
(part 3) 


Dr. Stefan Niemeyer elaborated the significance 
of crop yield forecasting systems and their 
potential in AgMIP. Crop Yield Forecasting leads 
to reduction of risks associated with national food 
production systems, and leads to early 
understanding of the availability of commodity 
crops, for early warning of food insecure 
situations and commodity market information. 
The crop yield forecasts are used by market 
players such as producers, traders, brokers, 
processors and investors, market observer 
organizations such as FAO, AMIS, IGC, 
Tallage/Strategic Grains, market management 
organizations such as national governments or 
the European Commission, management of 
emergency situations such as that completed by 
the World Food Programme, and other national 
aid agencies. Dr. Niemeyer mentioned that the 
major users of the crop yield forecasting 
information are government/policy (22%) and 
research and development (24%). The forecasts 
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require timeliness, accuracy, reliability and 
transparency. The sources of information for crop 
yield forecasting include statistics, surveys, agro- 
meteorology, remote sensing, crop growth 
models, and expert judgement. 


Dr. Lisa Emberson, Professor at the Centre 
Director of Stockholm Environment Institute in 
York spoke about air pollution (ozone and 
aerosol) effects on agricultural crops in her 
presentation on “Characterizing Losses in Crop 
and Livestock System Models”. For the first time, 
results from the Ozone Modeling Group were 
presented at a global workshop by Dr, Emberson, 
who stated “The effect of ozone on agricultural 
crops involve the visible injury, reduction of 
biomass and yield, and alteration of the semi- 
natural species balance.” She indicated that crop 
models could be developed to incorporate effects 
of air pollution on crop physiology, development, 
growth and yield and that this would improve 
assessments allowing the impacts of a 
combination of stresses (e.g. air pollution and 
climate change) to be considered in an integrated 
manner. 


Dr. James Woodhill presented “Foresight in 
Global Food Systems, Food Security & Policy”, 
giving an introductory presentation to 
Foresight4food, an International Collaborative 
Initiative focused on processes of understanding 
and adapting to longer-term possible futures from 
a systems perspective. The initiative aims to 
enhance foresight and scenario analysis 
capability to enable better analysis and synthesis 
of key trends and possible futures in global food 
systems, and support more informed, strategic 
and systemic dialogue between the private 
sector, government, science and civil society. Dr. 
Woodhill further explained how all 17 Sustainable 
Development Goals connect to agriculture and 
food systems, emphasizing the importance of 
strengthening food systems foresight analysis at 
all scales and improving the linkages between 
scientific analyses and policy dialogue with 
stakeholders. 


He indicated that the initiative would complement 

and not duplicate other initiatives and platforms, 

providing a neutral brokering role. Priority work 

areas include: 

1. Communities of practice for food system 
foresight research and use. 

2. Synthesis and analysis of existing foresight 
work. 


3. Building a foresight resource portal, dash 
board and communication materials. 

4. Creating a bridging hub for linking foresight 
users and providers to support global, 
regional and national foresight and dialogue 
processes. 

5. Identifying and brokering foresight work on 
key gaps. 


Dr. Jean-Francois Soussana presented “Crop 
and Pasture Ensemble Model Simulations of 
Productivity and Emissions”. Key results include 
that fact that staying within 2 °C above pre- 
industrial warming target cannot be achieved in 
the agricultural sector by 2030 without soil carbon 
sequestration, and food security is also 
threatened under both 1.5 and 2 °C scenarios. Dr. 

Soussana also reported that 49 countries have 

signed the Charter of the Global Research 

Alliance on Agricultural Greenhouse Gases. The 

following are priorities for a field scale framework 

of international coordinated modeling activities: 

e Comparison of soil-plant-atmosphere models 
simulating GHG emissions, yield and soil 
carbon stock changes: assessing model 
performances for their predictive ability in 
current climate. 

e Tests of model sensitivity to climate change: 
assessing GHG emissions, yield and soil 
carbon responses to changes in temperature, 
water and atmospheric CO2. 

e Comparison of soil models using long term 
bare fallows (LTBF): assessing model 
performances for their ability to estimate 
long-term soil carbon dynamics. 

e Mitigation options: assessing the abatement 
potential of agricultural practices. 


Dr. Hermann Lotze-Campen presented global 
economic trends and changes in trade in his 
presentation “Global Economics, Shocks, and 
Regional Trade Instability”. Dr. Lotze-Campen 
began by presenting a recent publication by the 
economics team before explaining the scenario 
matrix, consisting of indicators for climate, focus 
(no climate change, climate change impacts, 
mitigation measures for 2 °C stabilization without 
residual climate change impacts, and mitigation 
measures for 2 °C stabilization + residual climate 
change impacts), and adaptation challenges 
(low, medium and high). He then presented the 
inputs from Global Gridded Crop Models and 
aggregation of crop model results before moving 
onto the insights related to changes in non-COz 
emissions from agriculture by 2050, changes in 
global agricultural production by 2050, changes 
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in agricultural land use by 2050 (crop land and 
pasture land), changes in global agricultural 
prices by 2050 and changes in agricultural trade 
by 2050 (phase 1 results). 


To conclude, Dr. Lotze-Campen went over next 
steps for AgMIP global economics research, 
including: 


e Evaluation of regional results from global 
models for Sub-Saharan Africa, South Asia 
and Latin America (production, land use, 
prices, trade). 

e Health implications from production and 
consumption changes. 

e Integration of multiple climate impacts (crop 
yields, water availability, sea-level rise, labor 
productivity) (based on ISIMIP results). 

e Wider range of mitigation options and 
policies (e.g. diet change, soil carbon 
management, compensation payments). 

e Linking global and regional economic 
models. 

e More differentiated assessment of food 
security impacts. 

e Model improvements: shocks, short-term 
variability, and storage. 


Group photo of the women at AgMIP7. 


Women’s Lunch 


After the plenary session, a first Women’s Lunch 
was held. Both women and men at the workshop 
were invited to sit together for a lunch discussion 
focused on topics of how women can be 
recognized for the roles they play, potential 
strategies to enhance participation, the success 
and influence of women, and what AgMIP could 
do to encourage their involvement (results 
reported in Workshop Results). 


Parallel Presentations Sessions 2 & 3 


Next, the 2 and 3 round of parallel 
presentations were held, including ten section 
topics and presenters: 


e Resolving Crop Losses (including Pests, 
Diseases, Weeds, Ozone) 

Session Chair: Merle Isabelle 

o Toward a regional early warning system 
network for coffee leaf rust and associated 
socio- economic crises - Jacques Avelino 

o Air Quality and Agriculture — Critical 
pollutants, risk assessment and response - 
Lisa Emberson 

o Modeling the effects of multiple diseases on 
wheat growth and yield - Kurt Christian 
Kersebaum 

o Identification of microclimatic variables 
determining the appearance of the 
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symptoms of a leaf disease: case of the 
coffee leaf rust - Merle Isabelle 

o Crop diseases and pests: from crop losses 
to biocomplexity - Kurt Christian Kersebaum 


e Advanced Computational Applications 
for Agriculture 

Session Chair: Gideon Kruseman 

o The Agricultural Model Exchange Initiative - 
Pierre Martre 

o Making messy socio-economic data FAIR - 
Gideon Kruseman 

o Shared protocols and data template in 
agronomic trials - Davide Cammarano 

o AgMIP Data Interoperability: Moving beyond 
Regional Integrated Assessments - Cheryl 
Porter 

o Mobile phone based advisories for 
smallholder farmers; lessons from the field - 
Peter Craufurd 

o Evolving the AgMIP Impacts Explorer - 
Sander Janssen 


e Data Assimilation and Seasonal 
Forecasting of Agricultural Shocks 

Session Chair: Meridel Phillips 

o Crop Yield Predictions - Multi- scale 
Statistical Model for Intra- season Forecasts 
Applied to Corn in the US - Yiging Cai 

o The Agricultural Productivity Indicator 
Analysis System (APIAS) - Meridel Phillips 

o Crop and crop management identification 
from space for national-scale modeling - 
Claas Nendel 

o EOFSAC: A Multidisciplinary Consortium to 
Enhance Food Security and Agriculture 
through Earth Observations - Roberto Cesar 
Izaurralde 


e Regional Assessments of Biophysical 
and Economic systems #2 

Session Chair: Ibrahima Hathie 

o Assessing adaptation costs in irrigated 
agriculture integrating hydrological and crop 
simulation models: case study from central 
Chile - Francisco Meza 

o Rice-Wheat farming in the Indo- Gangetic 
Plains in the 2050s: Can Sustainable 
Agricultural Pathways offset Climate Change 
Vulnerabilities? - Nataraja Subash 

o Climate change impacts and vulnerability of 
fallow-chickpea based farm households in 
India: Assessment using Integrated 
modeling approach - Dakshina Murthy 
Kadiyala 


[2] 


Impacts of 1.5 versus 2.0°C on West African 
cereal yields - Heidi Webber 

Climate change impacts on current and 
future agricultural systems in the semi-arid 
regions of West Africa - Ibrahima Hathie 


Modeling the Causes and Cascading 
Impacts of Food Shocks 


Session Chair: Fulu Tao 


ie} 


New crop modeling technique for improving 
model performance under climate change 
and stress simulations - loannis Droutsas 
Contribution of crop model structure, 
parameters and climate projections to 
uncertainty in climate change impact 
assessments - Fulu Tao 

Elucidating Thermal Death of Cereal Grain 
Crops to Ensure Life - Gerard W Wall 
Improved temperature response functions in 
crop models reduced the uncertainty of 
wheat yield projections - Pierre Martre 


Nutrition and Food Security Metrics and 
Scenarios 


Session Chair: Bhimanagouda Patil 


fe) 


Sustainable diets in a global context - 
Pauline Scheelbeek 

Modeling the Effect of Environmental 
Conditions on Health-promoting Compounds 
of Melons - Bhimanagouda Patil 

The health burden of red and processed 
meat consumption - Marco Springmann 
The effect of environmental change on 
yields and nutritional quality of fruits, 
vegetables & legumes, and their relevance 
for food & nutrition security - Pauline 
Scheelbeek 


Crop Model Intercomparison in Diverse 
Systems 


Session Chair: Kenneth Boote 


O° 


Testing multiple rice crop models against 
free-air CO2 enrichment and chamber 
experiments to improve yield responses to 
elevated CO2 and temperature - Kenneth 
Boote 

A Summary of Research Activities from the 
AgMIP Potato Crop Modeling 
Intercomparison Pilot - David Fleisher 
How reliable are current crop models to 
simulate canola growth and seed yield? - 
Ward Smith 


Soil Nutrient and Water Management 
Strategies 


Session Chair: Claas Nendel 
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o Coupling crop and soil organic matter 
models to assess crop resilience to climate 
change and variability by the adoption of 
conservationist management systems - 
Marcelo Galdos 

o The Global Microlysimeter Network to inform 
crop models on nitrogen mineralisation of 
soils - Claas Nendel 

o Prediction of Evapotranspiration and Yields 
of Maize - Bruce Kimball 

o Backward simulation of nitrogen fertilizer 
effect on maize growth and yield - Haishun 
Yang 

o Land degradation and food security: impacts 
and adaptation options - Alvaro Calzadilla 


e Climate Change Impacts on Biophysical 
Systems 

Session Chair: Velingiri Geethalakshmi 

o Climate change impact on the yields of 
cereals in smallholder settings in West 
Africa: The case of Nioro, Senegal and 
Navrongo, Ghana - Dilys MacCarthy 

o Evolving climate resilient crop systems 
through integrated climate and crop 
modeling: A case study from Tamil Nadu - 
Velingiri Geethalakshmi 

o Field warming experiments constrain global 
crop yield reductions under Paris' global 
warming targets - Xuhui Wang 


e Global Agricultural Modeling for 
Development and Climate Analysis #2 

Session Chair: Abigail Snyder 

o A Systems Approach to Characterize the 
Tradeoff between Food Security and 
Environmental Impacts - Anjuli Jain 
Figueroa 

o Crop yield change and feedbacks on land- 
use and management over the 21st century 
- Sam Rabin 

o Agricultural response functions for 
integrated assessment models based on the 
C3MP data set - Abigail Snyder 

o Agricultural adaptation: constraints and 
compensation opportunities to changes in 
temperature, precipitation and CO2 - a 
global multi-model analysis - Florian Zabel 


World Walking Café 


As a final activity, the Walking World Café took 
place on the evening of the second workshop 
day. Participants enjoyed appetizers and 
refreshments while examining an exhibition of 
posters with topics and presenters as follows: 


Costa Rican hats and scarves were given out to all workshop participants as they enjoyed a glimpse of Costa Rican culture 
through the lively and capturing music and dance performance. (Photo by: Santiago Meira) 
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Global Agricultural Modeling for 
Development and Climate Analysis 
Climate impacts on Canadian productions of 
major crops for global warming levels of 1.5, 
2.0 and 2.5 degrees C - Budong Qian 


Regional Assessments of Biophysical 
and Economic Assessments 

Impacts and management strategies under 
climate change on maize yield - P. C. 
Sentelhas 

BioMA Studio for Latin America and the 
Caribbean - Maurits van den Berg 

Crop modeling in Latin America and the 
Caribbean: State of the art of development 
and applications for climate change impacts 
and adaptation assessments - Maurits van 
den Berg 

CLIMANDES Project: Climate services for 
decision making in the Andean areas of 
Cusco and Puno, Peru - Irene Trebejo 

The missing link - adding a spatial 
component to AgMIP’s Regional Integrated 
Assessments (RIA) to upscale and map the 
impact of climate on crop production and 
economics - Davide Cammarano 

Argentine proposal for the generation of new 
models in the Pampas Region - Sebastian 
Leavy 

Proposal for Social Development of the 
Pampas Region - Sebastian Leavy 


Climate Change Impacts on Biophysical 
Systems 

Sensitivity analysis of maize grain yield to 
changes in climate elements, CO2, and 
nitrogen fertilizer - F.D. Bender 

Global crop production: adaptation options 
to temperature increase - Sara Minoli 
Simulating the yield response of potato 
crops to projected climate scenarios for 
southern Chile using SUBSTOR- POTATO - 
Patricio Sandana 

Simulating the yield response of wheat 
crops to projected climate scenarios for 
southern Chile - Patricio Sandana 
Preliminary Results of a Simulation-Based 
Wheat Yield Forecast Framework for the US 
Southern Great Plains - Phillip D. Alderman 
InfoCrop DSS aided adaptation to climatic 
risks in agriculture: Case study from farmer’s 
fields in India - S. Naresh Kumar 

Modeling Drought Tolerance in Caribbean 
Root Crops under Present and Future 
Climates - the Case of Jamaican Sweet 
Potato - Jane Barker- Cohen 
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Adjusting Climate Model Bias for Agricultural 
Impact Assessment: the BAD-JAM project - 
Stefano Galmarini 


Advanced Computational Applications 
for Agriculture 

Assimilation of the BioMA Platform, as a tool 
for the climate change impacts studies on 
agricultural crops. Environmental Bases for 
Local Food Sustainability Project (BASAL), 
Cuba - Ranses Vazquez 

Assimilation of the BioMA Platform, as a tool 
for the climate change impacts studies on 
agricultural crops. Environmental Bases for 
Local Food Sustainability Project (BASAL), 
Cuba - Ranses Vazquez 

The AgMIP Impacts Explorer - AgM/IP 
Coordination Unit 


Data assimilation and Seasonal 
Forecasting of Agricultural Shocks 
Assimilating remote sensing observations in 
a sunflower crop model under uncertainty on 
soil properties - Ronan Trépos 

Modeling the Causes and Cascading 
Impacts of Food Shocks 

Implications of future climate variability on 
food security: a model-based assessment of 
climte-induced crop price volatility impacts - 
Hermann Lotze-Campen 


Crop Model Intercomparison in Diverse 
Systems 

Comparing the performance of SUBSTOR 
and CropSyst in five potato varieties under 
different model calibration strategies - Victor 
Garcia-Gutiérrez 


AgMIP Leaders Forum Activity 
Summaries 

AgGRID, Wheat, Water, WASCAL, 
SugarCane, Rice, Regional Economics, 
PeDiMIP, Ozone, Maize ET, Maize, 
MACSUR, Low Input Smallholder Systems, 
Data Interoperability, BioMA, Crop Model 
Calibration, CGRA, C3MP, Canola, Impacts 
Explorer, AgMIP Structure. 
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DAY 3 


Research Planning and Opportunities 


In his presentation entitled “Regional Priorities for 
Current and Future Challenges”, Dr. Peter 
Craufurd noted the significance of the AgMIP 
community contributions to research that tests 
decision strategies through regional integrated 
assessments. “Stakeholders need to know about 
this and why it is important,” he said. Dr. Craufurd 
advised that the relevance of development 
information to climate change, mitigation, health 
and nutrition agendas, in both public and private 
sectors, needs to be clearly articulated with 
particular attention to the following five factors: 
what are the priorities?, what is AgMIP’s 
comparative advantage?, who are the key 
partners?, what are the key messages? and what 
is the value proposition for investors? 


“AgMIP needs to emphasize the “Pull” in the 
“Push and Pull” of research’, Dr. Cynthia 
Rosenzweig emphasized in her presentation on 
the “Challenge to Parallel Sessions for Work 
Planning”. “Push” is research-driven work and 
“Pull” is stakeholder-driven work. “Pull” includes 
societally relevant multi-model assessments and 
application pathways that AgMIP has introduced 
and would like to continue. “Pull” also includes 
products that are developed with inputs from 
stakeholders such as outlooks, policy briefs, 
visualization tools like the Impacts Explorer, and 
peer-reviewed papers. Three suggested focus 
areas were presented for AgMIP “Pull” research: 


e AgMIP’s mitigation and adaptation work 
should focus on helping countries fulfill the 
commitments they made under the Paris 
Agreement of 2015. 

e An increased focus on shocks and climate 
variability will help stakeholders project short- 
term agricultural risks, especially droughts 
and floods, and improve seasonal yield 
forecasting. 

e Helping farming systems deliver healthy food 
while tackling climate change is necessary to 
achieve food and nutrition security. 


Rosenzweig concluded her remarks with a 
challenge for the Working Groups to identify how 
they can “contribute to the three ‘Pull’ focus areas 
and what ‘Push’ research areas are your top 
priorities? What other stakeholder-driven ‘Pull’ 
activities would your group want to pursue?” The 


presentations of Craufurd and Rosenzweig 
provided motivation for the Working Group 
sessions to follow. 


Working Group Session 2 


Regional Integration of Models and Disciplines 
and discussion leaders included: 


e Latin America and the Caribbean - Kelly 
Witkowski, Francisco Meza & Roberto 
Valdivia 

e Asia and Australia - N. Subash & Peter 
Thorburn 

e Africa - Dilys MacCarthy & Sabine Homann- 
Kee Tui 

e Europe - /gnacio Perez, Davide 
Cammarano & Claas Nendel 

e North America - Bruno Basso and Senthold 
Asseng 


Working Group Session 3 


Discussion of Protocols, Plans, and Goals for 
AgMIP8. Topics and discussion leaders included 
the following: 


e Crop Model Intercomparison and 
Improvement - Frank Ewert & Jean- Louis 
Durand 

e Utilizing Big Data and Next Generation 
Tools for Agricultural Decisions - Chery! 
Porter, Sander Janssen & Gideon Kruseman 

e Data Assimilation, Seasonal Agricultural 
Forecasting, and Risk Assessment - Alex 
Ruane, Joshua Elliott & Stefan Niemeyer 

e Global Economics, Trade, and Land Use - 
Hermann Lotze-Campen & Keith Wiebe 

e Integrated Assessments of Farming 
Systems and Implications for Decision 
Systems - Roberto Valdivia & John Antle 

e Nutrition and Food Security Analyses 
and Assessments - Cynthia Rosenzweig 
and Marco Springman 

e Characterizing Production Losses from 
Ozone, Pests, and Diseases - Lisa 
Emberson & Maurits van den Berg 


RESULTS 


The Seventh AgMIP Global Workshop proved to 
be a successful platform for combining experts 
within relevant fields and discussing actions of 
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enhancing agricultural resilience as well as laying 
out the protocols, plans and goals for AgMIP8. 
Key results from the workshop are presented 
below, organized by research topic, region, 
special session, or side session. 


RESEARCH BY TOPIC: 


Crop Model Intercomparison Group (Frank 
Ewert and Jean-Louis Durand) 


The crop model intercomparison group discussed 
how the predictive capacity under climate change 
in low input (water, nitrogen) farming systems can 
be improved by crop model intercomparison. In 
the session, 23 modeling groups expressed their 
willingness to participate. The previous model 
inter-comparisons focused on crop processes 
and not as much on soil processes. Emphasis will 
be put on the ability of models to accurately 
account for climate change and soil fertility 
interactions. Future plans include generating a 
simulation protocol, low information calibration, 
high information calibration and starting a CTWN 
analysis (carbon/temperature/water/nitrogen) in 
2018-2019. 


Utilizing Big Data and Next Generation Tools 
for Agricultural Decisions (Chery! Porter, 
Gideon Kruseman and Sander Janssen) 


The main objective of the working group for big 
data and next generation tools is to define how 
AgMIP modeling should look in five years using 
big data resources. Actions on data 
interoperability for the Big Data & Next 
Generation Tools working group include: 


e Open Data Journal for Agricultural Research 
as a data-catalogue with descriptive meta- 
data 

e Related to CGIAR Big Data program 

e SOLACE is collecting data and curating from 
past EU projects 


Plans for 2018-2019 are potentially to set 
precision farming as a fourth priority area, and to 
make socio-economic data a priority combined 
with guidelines on data interoperability. 


Seasonal Agricultural Forecasting, Data 
Assimilation, and Risk (Alex Ruane, Stefan 
Niemeyer and Phillip Alderman) 


Parallel session participants. 


The working group aim was to explore and 
showcase opportunities to improve in-season 
yield forecasting by adding and/or improving the 
use of crop models (CM), connecting remote 
sensing into retrospective and forecast systems 
and identifying data/methodological best 
practices for this, and assessing agricultural risk 
factors and interventions. Recent noteworthy 
findings suggest that there currently is little use of 
process-based crop modeling in yield forecasting 
and that several relevant existing AgMIP results 
create opportunities. Plans for 2018-2019 include 
gathering information on the forecasting 
community through a survey, defining an 
experiment for hindcasting: suitable events of 
yield impacts (potentially building on AgMIP’s 
GGCMI), defining specific case studies for 
uptake, exploring the seasonal weather forecast 
skill and the different hazard responses in 
models. 


Global Economics, Trade and Land Use 
(Hermann Lotze-Campen) 


The overall focus centered on challenges to food 
security in 2030, 2050 and 2100 under different 
socio-economic scenarios. From the stakeholder 
“pull” perspective, there is need to advance 
understanding of climate change effects vs. 
mitigation effects, food security and health 
implications. From the scientists "push" 
perspective, there is need to advance technical 
“decomposition” studies to understand model 
sensitivities, as well as CGRA (Coordinated 
Global and Regional Assessments) contributions. 
Recent noteworthy findings indicate that by 2050, 
global price changes from ambitious mitigation 
(RCP2.6) are larger than from direct climate 
impacts (RCP6.0); higher prices may increase 
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food insecurity; diet change is very important for 
reducing mitigation costs from non-COz2 taxation 
and with regional teams; food security impacts 
need to be further studied. Plans for 2018-2019 
are to conduct regional analyses in Sub-Saharan 
Africa, South Asia, and Latin America/Caribbean, 
study the health impacts from diet change; 
multiple climate impacts from the Inter-Sectoral 
Impact Model Intercomparison Project (ISIMIP; 
e.g. crops, water, labor productivity, sea-level 
rise); prepare ERA-NET AXIS (assessment of 
cross-sectoral climate impacts and pathways for 
sustainable transformation) proposal; and, to 
finalize the decomposition exercise/paper. 


Integrated Assessments of Farming Systems 
and Implications for Decision Systems (John 
Antle and Roberto Valdivia) 


The working group for Integrated Assessments of 
Farming Systems and Implications for Decision 
Systems presented future focus topics that 
included review of AgMIP Approach to Regional 
Integrated Assessments (RIA); a review of the 
Coordinated Global and Regional Assessments 
(CGRA) approach; potential for extension of RIAs 
to include Food & Nutrition Security; and linkages 
to big data. Future plans presented also included 
to carry out RIAs linked to global model scenarios 
and, do an inventory of regional teams and 
projects. 


Nutrition and Food Security Analyses and 
Assessments (Marco Springmann, Pauline 
Scheelbeek and Cynthia Rosenzweig) 


The Nutrition and Food Security Analyses and 
Assessments working group focuses on planning 
of joint assessments of global and regional 
adaptation and mitigation actions and 
consequences for food security and public health. 
Plans for 2018-2019 include three main missions: 
First, to link to global assessments (with Global 
Econ Team) for both dietary implications of deep 
mitigation pathways and economic plus 
mitigation impacts of healthy diets; second, to link 
to regional assessments (with RRTs) for the 
sections of health impacts of regional adaptation 
and mitigation actions, regional dietary pathways, 
and health impacts of dietary interventions; and 
third, to link to globally gridded crop models (with 
GGCMI) for climate impacts in nutrition-sensitive 
crops (fruits and vegetables). 


Characterizing Production Losses from 
Ozone, Pests, and Diseases (Lisa Emberson, 
Frank Dentener and Maurits van den Berg) 


The AgMIP Ozone Group initiated an activity to 
share information on the development of models 
capable of estimating the effect of ozone on crop 
growth and yield, and its interplay with other 
growth limiting factors. The activity brings 
together ozone-impact and  crop-modeling 
experts, designs joint modeling protocols and 
experiments, and collects calibration and 
evaluation empirical data. Recent noteworthy 
findings for the ozone working group indicate that 
global crop modeling efforts are needed to 
understand the scale of ozone pollution impacts 
on global agriculture and the effectiveness of 
policy to reduce emissions of ozone precursors. 
The calibration and evaluation of such crop 
models using empirical datasets is imperative to 
give confidence to risk assessments to inform 
policy. Plans for 2018-2019 are to finalize 
empirical datasets, develop ozone crop modeling 
protocols, develop, calibrate and test ozone crop 
models, perform crop modeling risk assessment 
model ensembles at the global scale, and publish 
a peer-reviewed paper. 


PeDiMIP Working Group (S. Bregaglio, M. 
Donatelli, R. Magary and S. Savary) 


PeDiMIP (the Pest and Disease Modeling 
Intercomparison Project) addresses the massive 
losses in yield, natural resources and harvest 
quality caused by pests and diseases in the 
world's agricultural systems. The mission is to 
improve agricultural models for pests and 
diseases, as well as to enhance the scientific and 
technological capabilities for assessing impacts 
of climate variability and change. Current 
research foci are: To improve pest and disease 
models; linking pest and diseases to crop models 
to assess crop losses; and, building a database 
suitable to validate simulated crop loss. Recent 
noteworthy findings includes the implementation 
of damage mechanisms in four crop models for 
wheat diseases, and the identification of potential 
data sets across Europe. Plans for 2018-2019 
include a networked modeling effort on diseases 
and pests of wheat; model intercomparison using 
a citrus black spot case study; modeling of pests 
and diseases (dynamics and crop losses) in 
perennials such as grapevine and coffee; and, 
planning for a future PeDiMiP Workshop where 
priorities and directions will be reviewed. 
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RESEARCH REGIONS: 


Latin America and the Caribbean (Kelly 
Witkowski Roberto Valdivia, and Francisco 
Meza) 


The Latin America and Caribbean (LAC) working 
group held three sessions throughout the week to 
define stakeholder needs and the desired impact 
of AgMIP in the LAC, and to contextualize the 
current use of - and demand for - modeling 
outputs to inform the planning processes in the 
region. Topics covered included the extent of 
current use of modeling tools, existing modeling 
capacities, ongoing research and priorities for the 
region. In addition, the session also focused on 
assessing the types of modeling outputs that are 
required to support existing or upcoming planning 
processes in Latin America. A need was identified 
to increase the use of modeling tools to help 
inform project interventions, NDCs & NAPs, and 
direct government interventions. An effort must 
be made to ensure practical information is 
available for farm-level interventions to address 
both current and future challenges. There is also 
need to clarify scales and “translation” 
mechanisms. Plans for 2018-2019 include a 
regional assessment for potato production in the 
Andes; developing a diagnostic of 
activities/projects in the regions, implementation 
of capacity building and multi-disciplinary 
trainings to support RIA; and, developing a 
funding strategy. 


Asia and Australia (Australia: Peter Thorburn. 
India: Subash Nataraja Pillai, Geethalakshmi 
Vellingiri, Soora Naresh Kumar and Dakshina 
Murthy Kadiyala) 


The working group presented issues in India 
related to adaptation being primary and mitigation 
considered as a co-benefit. Other issues involve 
crop diversification in monocropped areas, 
incentivizing specialty crops like minor millet, 
overuse of ground and surface water, and the 
need for NUTRI BASKET by ICRISAT. The 
working group further mentioned that Australia 
has significant climate variability and the 
Standing Committee on Finances (SCF) could 
help them adjust. Mitigation is of primary interest 
of farmers in Australia and nutrition and food 
security is important as 80% of the produce is 
exported. China is one of the world’s biggest 
emitters and mitigation is important. Important to 
notice is that China’s nutritional security issues 
connect to their large imports from the global 


market. Expansion of arid and semi-arid areas 
sheds light on concerns of ecosystem changes. 
For the future, the working group aims to identify 
push mechanism related questions and topics of 
what pressing problems require a scientific 
solution, conduct single crop to cropping system 
analysis — developing local experiences to run the 
model, and expanding AgMIP activities to new 
crops and extreme events (primary and 
secondary impacts). To address stakeholder 
“pull”, goals include to link with national 
economists and economic modelers who need 
the information coming from AgMIP to better 
understand the impacts of shocks on crops and 
livelihoods, etc. 


Regional Teams in Africa (Dilys MacCarthy 
and Sabine Homann-Kee Tui) 


Regional integration of models and disciplines for 
“push” areas (the science-driven work) include 
sequence analyses in cropping systems for better 
representation of GHG emissions and other 
factors for better simulation of mitigation; and 
increased study of low input systems. This 
includes better understanding of CTWN 
interactions under low productivity systems; 
nitrogen dynamics and risk; broader inclusion of 
crops (and nutrition), farmer response functions, 
adaptation and complexity, and sustainability 
pathways; and, comparative advantage and 
modeling requirements. “Pull? areas (the 
stakeholder-driven work) include: 


e Mitigation and adaptation (key to mitigation in 
Africa is soil carbon sequestration combatting 
degradation). 

e Contribute to the website on ISIMIP Impact 
sectors, support national challenges and 
programs, e.g. livestock and mitigation in 
Zimbabwe (NAMA). 

e Support research for national adaptation 
plans and help governments on project plans. 
For the focus area shocks and the short term, 
there is limited availability of reliable 
meteorological data, e.g. the European 
Space Agency climate and weather services 
in terms of accessibility and validation. 

e Big data platform on official weather data for 
verification, and quantifying weather shocks 
on crop responses. 


For the focus area of food and nutrition security, 
priorities include developing a food security yield 
gap atlas, looking more into crop models and 
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nutrition, and alternative analyses such as diet 
pathways and market equilibrium analyses. 


CGRA Europe (Ignacio Perez Dominguez) 


CGRA Europe met to discuss stages of different 
activities while highlighting similarities and 
differences. Some of their recent noteworthy 
findings include 5 GCM and 2 climate scenarios 
plus 6 CMs readily set up for EU-27 on a 25 km 
grid for further activities, JRC study on global 
shocks impacting European economy, and Agri- 
SSP (RAP) development. Plans for 2018-2019 
include aligning activities under one common 
funding scheme. 


AgMIP North America (Bruno Basso and 
Senthold Asseng) 


Through advances in the AgMIP platform and 
community, AgMIP North America aims to 
address the impact of changes in land use, 
climate, soil, and management on the resiliency, 
adaptation and mitigation potential of North 
American agricultural systems across multiple 
spatial and temporal scales. The working group’s 
general emphasis is on soil dynamics 
(adaptation/mitigation) and rotations, major crops 
and fruits and vegetables (nutrition), extreme 
events (drought/floods) and links to irrigation, 
yield forecasts, and pest/diseases/ozone. Further 
emphasis areas include linking with socio- 
economic modeling and to Canada and Mexico. 
Stakeholder focus involves: extension, farmer, 
state and federal policy maker (USDA), Long- 
Term Agro-Ecosystem Research (LTAR) sites, 
and AgriFood Canada. Next steps for AgMIP 
North America are to continue discussions and 
pursue funding, launch an AgMIP North America 
Consortium as partnership between academic, 


Parallel session participants. 


USDA and other public and private partners, and 
apply for National Institute of Food and 
Agriculture (NIFA) Workshop grant. 


SPECIAL SESSIONS: 


The AgMIP Impacts Explorer Demonstration 
and User Feedback (Amanda Evengaard) 


Feedback and user testing was conducted on the 
three portals of the Impacts Explorer Tool. 
Participants self selected, and included 
individuals who identified as contributing science 
perspectives. Overall there was appreciation for 
the high quality of the visuals, ease of use, 
professional appearance and layout of the 
platform, as well as its contribution towards 
communication and sharing of modeling results. 
At the same time, users felt easier access to 
explanations of terminology is needed. A more 
visible icon menu would benefit the Regional 
Summaries, as would improve navigation among 
portals. Users felt the tool will be most useful for 
connecting with policy, governments, 
development organizations (involved in scaling), 
researchers, country level donors, 
students/universities in the region (e.g., for use as 
case studies), climate change organizations, and 
possibly also commercial farmers. 
Recommended areas for improved functionality 
included adding an option to download/upload 
data (visualize results and compare to existing 
regions); incorporate additional regions and 
farming systems; including a teaching tool for 
students; allowing all users to download reports; 
analysis of risk by groups (elaborate on risk 
analysis), and, enabling assessment of the cost 
benefit of implementation of different 
interventions. Plans for 2018-2019 include 
adding new cases, new indicators, new analyses, 
and/or upload of similar types of assessments 
with different indicators, subject to interest and 
level of funding. 


Women in AgMIP (Carolyn Mutter and Cynthia 
Rosenzweig) 


During the first-ever AgMIP Women’s Lunch, a 
discussion was held concerning how women can 
be better recognized in roles they provide, adopt 
strategies for success, influence processes in 
their institutions and evolve at AgMIP. The main 
conclusions from the discussions were that 
AgMIP would benefit from mentoring of women in 
the navigation of their careers, teaching 
strategies for enhancing their visibility in their 
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organizations, and identifying ways to ensure 
women’s voices are heard in scientific 
discussions often dominated by men. Potential 
strategies identified to enable women to influence 
processes in their institutions include the 
promotion of AgMIP in colleges and universities 
by giving talks, hosting events, sponsoring 
students in AgMIP projects, and promoting 
education and hiring of women in engineering, 
agronomy, and modeling. Strategies for how 
women can evolve at AgMIP include increasing 
the number of women leading AgMIP sessions, 
inviting more women to participate in AgMIP 
events, recruiting women to lead AgMIP teams 
and to participate in the Executive Committee and 
Steering Council, allowing written questions to 
encourage participation at workshops, and 
inviting women leaders to share experiences 
(including challenges they faced and how to 
persevere). 


AgMIP-IICA Partnership 


Leaders of IICA and AgMIP convened at AgMIP7 
to discuss possible areas of collaboration beyond 
the co-organization of the Workshop. Areas of 
interest include activities relating to Regional 
Integrated Assessments (RIA) in IICA countries; 
advancement of jointly prepared proposal 
concepts; and, exploration of opportunities for 
students. A follow-on discussion held at the 
Columbia University Earth Institute in New York 
City in June of 2018 revisited the discussion 
points and led to agreement on specific areas for 
collaborative development. The exploration of 
RIA-related activities will focus initially on 
locations in the Caribbean and dry corridor of 
Central America, starting with regional 
discussions emphasizing longer-term outlooks, 
including scenario discussions and 
Representative Agricultural Pathways. Concept 
briefs are being developed by IICA, AgMIP and 
partners to enable approaches to prospective 
funders. Exploration of pathways and processes 
for future internships of Columbia 
University masters or doctoral student in IICA 
member states is underway; as is exploration of 
pathways and processes for students from those 
countries to be considered for graduate programs 
at Columbia University, including the Earth 
Institute. 


SIDE SESSIONS: 


The workshop provided the opportunity for 
participants to self-organize for side sessions 


reflecting different interest and focus areas. The 
side events were conducted on the days 
preceding and following the main workshop, and 
consisted of mini-workshops, presentations, 
training sessions, round tables, and general 
discussions organized by the side event leaders. 
Model Calibration (Daniel Wallach, Taru 
Palusuo, Sabine Seidel and Peter Thorburn) 


This side session was held to discuss objectives 
of acalibration activity. A paper from Phase 1 has 
already been published, and new participants 
joined the activity during the workshop. Future 
plans for 2018-2019 include sending out dataset 
to participants for Phase 2, and analysis of the 
Phase 2 results. 


Maize Evapotranspiration Group (Bruce 
Kimball and Ken Boote) 


The main objective of this group is to conduct an 
intercomparison of 29 Maize models to predict 
eight year of maize eddy covariance ET data from 
Ames, lowa. One of the main findings presented 
was that the models have a huge variation in their 
ability to simulate ET. The future plans include 
finishing a paper from the first round of activity, 
and to do the second round with both Maize and 
Wheat Teams with lysimeter data from Bushland, 
Texas and eddy covariance data from France. 


Anticipating Agricultural Risk (Alex Ruane) 


The main objective of the session was to explore 
capabilities of agricultural models to assess how 
hazards can cause production shortfalls and how 
they affect the society. In addition, it is important 
to ascertain stakeholder needs and common 
resources related to agricultural risk. The session 
also aimed to scope out agricultural drought risk 
assessment framework. One of the main findings 
was that multi-model approaches are useful for 
characterizing risk across diverse systems and 
populations. The risk group concluded that there 
is a need to identify food security teleconnections 
behind production shortfalls, and AgMIP is 
uniquely situated to explore risk and recommend 
resilience-building interventions. Future plans 
include contributing to UNISDR reports, 
developing risk assessment framework 
components, connecting with trade network 
modeling experts, and using models to explore 
the wide variety of hazard responses identified by 
participants as critical to current and future 
resilience. 
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Better Modeling and Planning - Researchers 
and Stakeholders working together (Roberto 
Valdivia and Sabine Homann-Kee Tui) 


The team met to discuss how researchers can 
support policy decision making, set priorities for 
research and development, and to define 
actionable strategies towards farming futures 
facing complexity and uncertainty. The 
experience of working with stakeholders to co- 
design agricultural pathways and identify 
adaptation strategies was tested using integrated 
assessments. Pathways and scenarios are 
powerful tools for estimating impacts of climate 
change on vulnerable farm populations and 
addressing key challenges in agriculture. The 
team worked on co-designing improved 
management, mitigation and adaptation options 
which can contribute to national and regional 
decision processes, aligned with the Sustainable 
Development Goals. This session facilitated 
dialogue between researchers and stakeholders 
for improving impacts of agricultural research and 
decision making. One of the main findings was 
that funding should include a ‘post’ project period 
to support implementation of science-based 
policy/technology interventions. The research 
also gave insight to appropriate ways to 
‘translate’ scientific results that is understandable 
and usable by stakeholders. Future plans for 
2018-2019 include fundraising, continuity and 
advancement of influencing decision processes. 


Low Input (water, nitrogen) (Marc Corbeels 
and Gatien Falconnier) 


The mission involved crop model 
intercomparisons to improve predictive capacity 
under climate change in low input (water, 
nitrogen) cropping systems. Four sites across 
Africa with contrasting ago-ecologies and soil 
conditions were selected where data on crop 
phenology, yield, LAI, in-season soil moisture, 
soil mineral N and plant N are available. Recent 
noteworthy findings are that 23 modeling groups 
are willing to participate, previous model inter- 
comparisons were focused on crop processes 
and not much on soil processes, and that 
emphasis will be put on the ability of models to 
accurately account for climate change and soil 
fertility interactions. Plans for 2018-2019: 


e May: simulation protocol available for 
discussion with modeling groups. 


e June: low information calibration & CTWN 
starts. 

e August: high information calibration & 
CTWN starts. 


Global Gridded Crop Modeling 
Intercomparison (GGMI) (Joshua Elliot and 
Christoph Muller) 


The global gridded crop modeling 
intercomparison pushes forward to analyze 
Phase 2 outputs and identify research priorities 
for Phase 3 (in collaboration with ISIMIP). Recent 
noteworthy findings include that the Global 
Gridded Crop Modeling Intercomparison team 
needs external support to analyze all the data 
they have (the modelers have limited resources 
beyond simulations), and they need to better 
prepare for integration with individual modelers’ 
research agendas (and funding). Plans for 2018- 
2019 includes: 


e Finalize publications for phase 1. 

e Develop global crop model emulators. 

e Understand response patterns across 
models and regions. 

e Describe potential of irrigation and growing 
season adaptation. 


AgMIP Leaders Forum Side Session 
Summary 


The AgMIP Leaders Forum (consisting of Co- 
Leaders of AgMIP’s 30+ research initiatives and 
regional activities) met at IICA following the 
conclusion of the workshop. The group initially 
discussed main impressions from the main 
AgMIP7 sessions, including strengths and 
weaknesses of the agenda, major new 
developments (such as the formation of new air 
pollution and seasonal forecasting teams), 
opportunities to build collaborations in Latin 
America and the Caribbean, and priorities for 
follow-up organizational activities. The Leaders 
Forum then elucidated two major areas of focus 
in AgMIP’s 5-year plan: (1) the need for more 
information on national scales, and (2) the need 
for stakeholder-driven research agendas related 
on specific decision support needs (with 
increased emphasis on the ‘pull’ of stakeholder 
requests over the ‘push’ of cutting- 
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Parallel session participants. 


edge science products). The group also 
discussed a joint analysis of decision scales 
within the agricultural modeling community, 
helping to identify the various components that 
were needed within any scale and the linkages 
across temporal and spatial scales that would 
prioritize applications-oriented model 
development. Breakout sessions enabled 
participants to flesh out specific criteria for and/or 
examples of stakeholder-driven research 
products as well as ideas for prototype projects. 


Latin American and Caribbean Modeling and 
Assessments Activities Session (Kelly 
Witkowski & Roberto Valdivia) 


This side session was held on Friday, followed 
the AgMIP7 workshop. Building on the analysis 
from the two LAC focused sessions held earlier in 
the week, this final regional session focused on 
specific goals, next steps and requirements from 
advancing research using the integrated 
assessment methodology. It also considered 
various initiatives and opportunities for 
collaboration and funding. Following plenary 
presentations and discussions of data, models, 
interoperability, expertise, stakeholders, and 


funding, the participants self selected into 
Caribbean, Andean, Central American, and 
Southern South American breakout 


groups. Each group brainstormed and drafted 
initial concepts for collaboration, identifying 
research impact, objective, products, activities, 
stakeholders, technical expertise, and initial 
steps required to establish momentum. The 
groups then reconvened to present concept 
summaries in a closing plenary. Concept 
summaries are being converted to 1-page briefs 
for sharing with prospective research, production, 
stakeholder, or funding partners in the regions. 


CONCLUSIONS 


The leaders and participants of AgMIP7 
workshop presentations, sessions and 
discussions have provided a basis on which 
AgMIP can continue to contribute key 
advancements to address major global and 
national challenges in food and nutrition security 
at present and in the future. With renewed 
commitment to identifying and addressing 
specific needs and uses of agricultural system 
syntheses, AgMIP scientists are increasingly able 
to help national and regional planners implement 
Sustainable Development Goals and prioritize 
actions to achieve climate change mitigation and 
adaptation planning. 


The reported and planned areas of work all 
contribute to AgMIP's commitment to Next 
Generation Tools Knowledge and Data, 
Coordinated Global and Regional Assessments, 
and Modeling for Sustainable Farming 
Systems. The IICA venue fostered feeling of 
familiarity and support among participants. It also 
enabled the bolstering of AgMIP initiatives in 
Latin America and the Caribbean, as well as the 
advancement of plans for AgMIP activities and 
outputs across the research regions and topic 
areas for the coming years. 


AgMIP greatly appreciates the guidance of its 
Leaders in prioritizing its actions. Steering 
Council co-chair Dr. Jean-Francois Soussana 
took the opportunity of closing sessions to share 
perspectives on strategy, reach to national 
governments, communication and capacity 
building, partnerships, resource mobilization, and 
the need to identify demand-driven research 
areas. 


AgMIP is a vibrant community united by the 
common goal of working together to foster 
research focused on agricultural resilience. To 
sustain its own resilience, AgMIP may need 
stronger commitments of institutions, better 
positioning of some of its initiatives and formal 
agreements with key partners. "AgMIP growth 
must include highly focused work as well as the 
continued advancement of integrated 
knowledge," Dr. Soussana_ challenged. He 
encouraged increased involvement to actions to 
drive forward progress, including a willingness of 
individuals to take leadership roles, and of teams 
to engage processes that will further AgMIP 
initiatives and collaborations. He emphasized 
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the continued need for highly visible research 
product outlets (e.g. IPCC reports) as well as the 
need for community building and cross- 
fertilization with other initiatives. 


NEXT STEPS 


Members of AgMIP recognized the need and 
committed to action to better involve stakeholders 
(non-scientists) in the consortium to ensure that 
information needs are being addressed and the 
science produced is being applied in decision- 
making. This includes increased efforts in three 
key areas: mitigation and adaptation planning 
and action, emphasizing the impacts of shocks in 
shorter timeframes, and better integrating food 
and nutrition security into the research. 


The AgMIP steering council and executive 
committee members accordingly identified the 
following recommendations of next steps: 


e Reach out to national actors and 
governments to identify demand driven 
research areas, with communication and 
capacity building and partnerships and 
resource mobilization to follow. 

e Identify how AgMIP can grow while being 
focused and further integrating knowledge. 

e Focus on the drivers of progress including: 
leadership and funding, major research 
outlets (e.g. IPCC reports), community 
building and cross-fertilization with other 
initiatives. 

e Establish means for better communicating 
with stakeholders AgMIP science and why it 
is important. 

e When engaging public or private sectors in 
development, climate change, mitigation, 
and health & nutrition agendas, address 
questions of: priorities, comparative 
advantages, key partners and messages, 
and value proposition. 

e Address issues that may be limiting AgMIP, 
including ways to achieve stronger 
commitments of key institutions, ways to 
better position AgMIP initiatives that may be 
in competition with others, and benefits of 
formal agreements between AgMIP and its 
key partners. 


Holding AgMIP7 in Costa Rica encouraged 
participation of more than 20 individual 


researchers and stakeholders from the Latin 
America and Caribbean (LAC) region. The 
involvement of regional researchers from teams 
in Sub-Saharan Africa and South Asia greatly 
enriched the discussions and facilitated learning 
about integrated assessments, including 
stakeholder roles in guiding the research. 


During the three LAC-focused side sessions and 
throughout the broader event, participants 
identified goals and several next steps to 
advance the initiative in the region. Medium term 
goals include 1) Enhance AgMIP activities in the 
region, 2) Close the gap between science and 
decision making for climate action in the 
agricultural sector to ensure the efficacy of 
investments made and facilitate the design and 
implementation of public policy instruments 
(National Adaptation Plans, Nationally 
Determined Contributions, etc.), and 3) Develop 
the capacities of researchers, technicians, 
communicators, and stakeholders to achieve 
this. 


Specific action items in LAC for the next year 
include: 


e Prepare a short chapter on LAC integrated 
assessment activities for the forthcoming 
AgMIP book synthesizing the advances to 
date. 

e Conduct a baseline survey to identify 
existing capacities, resources and initiatives 
in LAC. 

e Work with sub-regional institutions to 
develop and implement multi-country 
proposals based on the initial ideas defined 
during the workshop. 

e Elaborate both a short and longer-term 
funding strategy to enable AgMIP activities 
in the region. 

e Develop capacities in the region, both for 
researchers on integrated modelling and for 
stakeholders on the application and use of 
modelling outputs. This includes both in- 
person and virtual events (eg: online training 
course on TOA-MD (potentially expanded to 
include other models). 

e Organize virtual exchanges with 
representatives from South East Asia and 
Africa to learn from their experiences 
developing RAPs and RIAs, to inform the 
planning processes in LAC. 
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APPENDIX 1: AGENDA 
Day 1 - Tuesday April 24™ — Plenary and Working Groups 


Plenary Presentations: State of AgMIP and Challenges for Agricultural Decision Support 


9:15am-9:30am 
9:30am-9:50am 
9:50am-10:10am 
10:10am-10:30am 


10:30am-10:45am — 


10:45am-11:15am 


1. IICA Welcome - Dr. Diego Montenegro Ernst on behalf of Dr. Manuel Otero 

2. Challenges from Latin America Perspective - Manuel Otero 

3. Challenges from Global Perspective: Addressing IPCC and SDG Targets - Ghassem Asrar 
4. State of AgMIP - Senthold Asseng & Hermann Lotze-Campen 

5. Workshop Charge - Cynthia Rosenzweig & Anthony Whitbread 


Break: Refreshments and Poster Viewing 


Plenary Presentations: Research Highlights and Opportunities (Part 1) 


11:15am-11:35am 
11:35am-11:55am 


11:55am-12:15pm 
12:15pm-12:35pm 
12:35pm-12:45pm 


12:45pm-1:00pm 
1:00pm-2:00pm 
2:00pm-3:20pm 


3:20pm-3:50pm 
3:50pm-5:30pm 


5:30pm-6:00pm 


1. Model Improvements from Model Intercomparison - Pierre Martre 

2. Key Findings from Integrated Climate, Crop, Livestock, and Economic Assessments of Farming 
Systems in Sub-Saharan Africa and South Asia - John Antle 

3. Impacts to Agricultural and Food Systems with Imposed Limits to Climate Change - Alex Ruane 
4. Linking Integrated Assessments and Policy-Making to Enable Uptake - Sabine Homann-Kee Tui 
Discussion 


Charge for the Afternoon Parallel and Working Group Sessions 
Lunch: Self-Organized Discussion Groups — Poster Viewing 


Parallel Presentations Session 1 

1A: Global Agricultural Modeling for Development and Climate Analysis #1 
1B: Regional Assessments of Biophysical and Economic Systems #1 

1C: Advances in Simulating Diverse Agricultural Systems 

1D. Climate Change Impacts on Biophysical Systems #1 


Break: Refreshments and Poster Viewing 


Working Groups Session 1 Goal and Agenda Setting by Overarching Research Topic: 
W1: Crop Model Intercomparison and Improvement - Frank Ewert & Jean-Louis Durand 

W2: Utilizing Big Data and Next Generation Tools for Agricultural Decisions - Cheryl Porter, Sander 
Janssen & Gideon Kruseman 

W3: Data Assimilation, Seasonal Agricultural Forecasting, and Risk Assessment - Alex Ruane, 
Joshua Elliott & Stefan Niemeyer 

W4: Global Economics, Trade, and Land Use - Hermann Lotze-Campen & Keith Wiebe 

W5: Integrated Assessments of Farming Systems and Implications for Decision Systems - Roberto 
Valdivia & John Antle 

W6: Nutrition and Food Security Analyses and Assessments - Cynthia Rosenzweig and Marco 
Springman 

W7: Characterizing Production Losses from Ozone, Pests, and Diseases - Lisa Emberson & Maurits 
van den Berg 


Plenary Wrap-up: Wrap up & Check on Day 1 Goals and Introduce Day 2 Objectives 


Day 2 - Wednesday April 25" — Plenary and Parallel Sessions 


Plenary Presentations: Research Highlights and Opportunities (Part 2) 


9:00am-9:15am 
9:15am-9:30am 
9:30am-9:45am 
9:45am-10:00am 
10:00am-10:20am 
10:20am-10:30am 


3:30pm-4:00pm 


1. Harmonizing Climate Scenarios for Multiple Applications - Sonali McDermid 

2. Priorities in Crop Modeling Developments - Ken Boote 

3. Recent Advancements in European and African Assessments - Heidi Webber & Dilys MacCarthy 
4. Main Messages from Global Gridded Model Analyses - Christoph M ller 

5. Roles for Big Data in Agricultural Analyses — Giddeon Kruseman & Andrew Jarvis 

Discussion 


Break: Refreshments and Poster Viewing 


Plenary Presentations: Research Highlights and Opportunities (Part 3) 


11:00am-11:15am 
11:15am-11:30am 
11:30am-11:45am 
11:45am-12:00pm 


1. The Role of Agricultural Models in Seasonal Forecasting Systems - Stefan Neimeyer 

2. Characterizing Losses in Crop and Livestock System Models - Lisa Emberson 

3. Foresight in Global Food Systems, Food Security & Policy - James Woodhill 

4. Crop and Pasture Ensemble Model Simulations of Productivity and Emissions - Jean-Francois 


27 


Appendix C 


REPORT OF THE SEVENTH AgMIP GLOBAL WORKSHOP (AgMIP7) 


10:00am-10:20am 
10:20am-10:30am 


12:30pm-12:40pm 
12:40pm-1:00pm 
1:00pm-2:00pm 
2:00pm-3:30pm 


3:30pm-4:00pm 
4:00pm-5:15pm 


5:15pm-5:45pm 
5:45pm-6:15pm 
6:15pm-7:30pm 


Soussana 
5. Global Economics, Shocks, and Regional Trade Instability - Hermann Lotze- Campen 
Discussion 


Overview and Introduction of Afternoon Sessions 
Workshop Photos - All - Women - Under 40 - Over 60 
Lunch: Self-Organized - Poster Viewing - Women’s Lunch 


Parallel Presentations Sessions 2 

2A: Resolving Crop Losses (including Pests, Diseases, Weeds, Ozone) 
2B: Advanced Computational Applications for Agriculture 

2C: Data Assimilation and Seasonal Forecasting of Agricultural Shocks 
2D: Regional Assessments of Biophysical and Economic systems #2 
2E: Modeling the Causes and Cascading Impacts of Food Shocks 


Break: Refreshments and Poster Viewing 


Parallel Presentations Sessions 3 

3A: Nutrition and Food Security Metrics and Scenarios 

3B: Crop Model Intercomparison in Diverse Systems 

3C: Soil Nutrient and Water Management Strategies 

3D. Climate Change Impacts on Biophysical Systems 

3E: Global Agricultural Modeling for Development and Climate Analysis #2 


Plenary Wrap-up: Wrap Up & Check on Day 2 Goals Introduce Day 3 Objectives 
Break: Refreshments, Appetizers, and Introduction to the Walking World Café 


Walking World Café (See figure for more information) 

Global Agricultural Modeling for Development and Climate Analyses 
Regional Assessments of Biophysical and Economic Systems 
Climate Change Impacts on Biophysical Systems 

Advanced Computational Applications for Agriculture 

Data Assimilation and Seasonal Forecasting of Agricultural Shocks 
Modeling the Causes and Cascading Impacts of Food Shocks 

Crop Model Intercomparison in Diverse Systems 

AgMIP Leaders Forum Activity Summaries 


Day 3 - Thursday April 26™— Plenary and Working Groups 


Plenary: 
9:00am-9:20am 
9:20am-9:30am 


9:30am-11:00am 


11:00am-11:30am 
11:30am-1:00pm 


1:00pm-2:00pm 


Research Planning and Opportunities 
Regional Priorities for Current and Future Challenges - Peter Craufurd 
Challenge to Parallel Sessions for Work Planning - Cynthia Rosenzweig 


Working Groups Session 2 Regional Integration of Models and Disciplines 
W8: Latin America and the Caribbean - Kelly Witkowski, Francisco Meza & Roberto Valdivia 
W9: Asia and Australia - N. Subash & Peter Thorburn 

W10: Africa - Dilys MacCarthy & Sabine Homann-Kee Tui 

W11: Europe - Ignacio Perez, Davide Cammarano & Claas Nendel 

W12: North America - Bruno Basso and Senthold Asseng 


Break: Refreshments and Poster Viewing 


Working Groups Session 3 Discussion of Protocols, Plans, and Goals for AgMIP8& 

W1: Crop Model Intercomparison and Improvement - Frank Ewert & Jean- Louis Durand 

W2: Utilizing Big Data and Next Generation Tools for Agricultural Decisions - Cheryl Porter, Sander 
Janssen & Gideon Kruseman 

W3: Data Assimilation, Seasonal Agricultural Forecasting, and Risk Assessment - Alex Ruane, 
Joshua Elliott & Stefan Niemeyer 

W4: Global Economics, Trade, and Land Use - Hermann Lotze-Campen & Keith Wiebe - CARIBE 

W5: Integrated Assessments of Farming Systems and Implications for Decision Systems - Roberto 
Valdivia & John Antle 

W6: Nutrition and Food Security Analyses and Assessments - Cynthia Rosenzweig and Marco 
Springman 

W7: Characterizing Production Losses from Ozone, Pests, and Diseases - Lisa Emberson & 
Maurits van den Berg 


Lunch: Self Organized Discussion Groups — Poster Viewing 
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2:00pm-3:30pm 


3:30pm-4:00pm 


4:00pm-5:30pm 


Working Groups Session 3 Discussion of Protocols, Plans + Goals for AgMIP8, continued 


w1: 
W2: 


Ws: 


wa: 
w5: 


W6: 


W7: 


Crop Model Intercomparison and Improvement - Frank Ewert & Jean- Louis Durand 

Utilizing Big Data and Next Generation Tools for Agricultural Decisions - Cheryl Porter, Sander 
Janssen & Gideon Kruseman 

Data Assimilation, Seasonal Agricultural Forecasting, and Risk Assessment - Alex Ruane, 
Joshua Elliott & Stefan Niemeyer 

Global Economics, Trade, and Land Use - Hermann Lotze-Campen & Keith Wiebe 

Integrated Assessments of Farming Systems and Implications for Decision Systems - Roberto 
Valdivia & John Antle 

Nutrition and Food Security Analyses and Assessments - Cynthia Rosenzweig and Marco 
Springman 

Characterizing Production Losses from Ozone, Pests, and Diseases - Lisa Emberson & Maurits 
van den Berg 


Break: Refreshments and Poster Viewing 


Plenary Wrap-up: Workshop Integration and AgMIP Research Agenda 

1. Reports back from Work Sessions (5 minutes each) - WG Session Rapporteurs 

2. Perspectives from AgMIP Scientific Steering Committee - Jean-Francois Soussana & 
Ghassem Asrar 

3. Discussion 

4. Closing Comments from IICA 

5. Closing Comments from AgMIP 
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APPENDIX 2: PARTICIPANTS 
FIRST NAME LASTNAME INSTITUTION 


University of Agriculture Faisalabad 


Ashfaq Ahmad Pakistan STEERING COUNCIL 
Phillip Alderman Oklahoma State University 
Sangamesh Angadi New Mexico State University Ghassem R. Asrar 
John Antle Oregon State Univ Jean-Francois Soussana 
Almut Arneth KIT, IMK-IFU Ashfaq Ahmad Chattha 
Joint Global Change Research Peter Craufurd 
Ghassem Asrar Institute .! 
Jessica Fanzo 
Senthold Asseng University of Florida Molly Jahn 
Jacques Avelino CIRAD-IICA-CATIE 


Ministry of Agriculture and Livestock, Soora Naresh Kumar 


Roberto Azofeifa Costa Rica Prabhu Pingali 
Varaprasad Bandaru University of Maryland Michael Robertson 
Secretaria de Agricultura, 
Claudia Barahona Honduras Mark W- Rosegrant 
University of the West Indies Martin van Ittersum 
Jane Barker-Cohen Mona YanZhu 
Bruno Basso Michigan State University 
; i ; Ministerio de Agroindustria, EXECUTIVE COMMITTEE 
Julieta Battistuzzi Argentina 
Fabiani Bender University of Sao Paulo John Antle 
Kenneth J. Boote University of Florida Senthold Asseng 
Yiging Cai Gro Intelligence, INC Jerry L. Hatfield 
Alvaro Calzadilla Rivera University College London Hermann Lotze-Campen 
Davide Cammarano James Hutton Institute Cynthia Rosenzweig 
Marc Corbeels CIRAD-CIMMYT Anthony Whitbread 
Secretaria Ejecutiva del Consejo 
Ligia Cordoba Agropecuario Centroamericano LEADERS FORUM: 
Peter Craufurd CIMMYT Model Intercomparison 
Juliana D. B. Gil Wageningen University 
. i Barely MIP: 
Brian Davies none Davide Cammarano 
Secretaría de Agricultura 
José Miguel Del Cid Honduras Bioenergy MIP: 
; Gopal Kakani 
Guillermo Detlefsen CATIE DavidilelBauer 
loannis Droutsas University of Leeds Canola MIP: 
Jean-Louis Durand INRA Enli Wang 
Joshua Elliott DARPA Global Economics MIP: 
Lisa Emberson SEI York KiethWiebe 
Hermann Lotze-Campen 
Amanda Evengaard Columbia University f ; 
Leibniz Centre for Agricultural Here D d 
Frank Ewert Landscape Research can- Tous muran 
Gatien Falconnier CIRAD Maize Model Improvement: 
Ken Boote 
Jorge Faustino CATIE 
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University of Florence 


Roberto Ferrise 
PeDiMIP: 
David Fleisher USDA-ARS Roger Magarey 
Ministerio de Agricultura y Marcello Donatelli 
Maria Mercedes Flores Fioravanti Ganadería Serge Savary 
Caribbean Community Climate Simone Bregaglio 
Carlos Fuller Change Centre 
Potato MIP: 
Marcelo Galdos University of Leeds David Fleisher 
Stefano Galmarini European Commission Regional Economics MIP: 
Pontificia Universidad Católica John Antle 
Victor Garcia de Chile Roberto Valdivia 
Marisa Gioioso CiBO Technologies Rice MIP: 
Marc Gordon UNISDR Toshihiro Hasegawa 
Instituto Privado de Investigación YanZhu 
Alex Guerra sobre Cambio Climático Lloyd T. at Ae 
Instituto Nacional de Tecnologia Roberto ontalonien! 
Edgardo Guevara Agropecuaria Soybean MIP: 
Ibrahima Hathie IPAR Montserrat Salmeron Cortasa 
Ken Boote 
Zvi Hochman CSIRO 
Wheat MIP: 
Sabine Homann-Kee Tui _ICRISAT Senthold Asseng 
Jonas Jaegermeyr NASA GISS Pierre Martre 
Frank Ewert 
Molly Jahn University of Wisconsin Heidi Webber 
Anjuli Jain Figueroa MIT 
: LEADERS FORUM: 
Sander Janssen Wageningen UR REGION 
Pingping Jiang USDA g 
Eric Justes CIRAD Australia: 
Dakshina Peter Thorburn 
Murthy Kadiyala ICRISAT EAST ASIA: 
Leibniz Centre for Agricultural Wei Xiong 
Kurt Christian Kersebaum Landscape Research Yan Zhu 
US Arid-Land Agricultural Research 
Bruce Kimball Center Europe: 
; Martin Banse 
Gideon Kruseman CIMMYT Reimund Rotter 
Sebastian Leavy INTA - UNR Marc Corbeels 
Potsdam Institute for Climate Heidi Webber 
Hermann Lotze-Campen Impact Research 
i 7 : LAC: 
Dilys MacCarthy University of Ghana Roberto Valdivia 
Bernardo Maestrini Michigan State University Kelly Witkowski 
Pierre Martre INRA North America: 
Sonali McDermid New York University deny Battield 
Bruno Basso 
Gregory McMaster USDA-ARS : 
South Asia: 
Daniela Medina IICA Ashfaq Chatta 
; ` Nataraja Subash 
Santiag M INTA A A 
antago era Velingiri Geethalakshmi 
Erik Mencos Columbia University A 
Sub-Saharan Africa: 
Isabelle Merle CATIE-CIRAD Dilys MacCarthy 
Pontificia Universidad Católica Sabine Homann 
Francisco Meza de Chile Wiltrud Durand 
Potsdam Institute for Climate Oliver Crespo 
Sara Minoli Impact Research 
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Potsdam Institute for Climate 


Christoph Mueller Impact Research 
Carolyn Mutter Columbia University 
Stefanos Mystakidis Swiss Re 

ICAR-Indian Agricultural Research 
Soora Naresh Kumar Institute 

ICAR - Indian Institute of Farming 
Subash Nataraja Pillai Systems Research 

Leibniz Centre for Agricultural 
Claas Nendel Landscape Research 

Joint Research Centre, European 
Stefan Niemeyer Commission 

Ministerio de Agricultura y 
Aldo Rafael Noguera Candia Ganadería 

Comité Regional de Recursos 
Berta Alicia Olmedo Vernaza Hidráulicos 
Bhimanagouda Patil Texas A and M University 
Diego Pequeno CIMMYT 

Perez European Commission, Joint 

Ignacio Dominguez Research Center 
Meridel Phillips Columbia University 


Jose Alejandro 


Pineda Alaniz 


Ministerio Agropecuario, Nicaragua 


Cheryl Porter University of Florida 

Johannes Pullens Aarhus University 

Budong Qian Agriculture and Agri-Food Canada 

Sam Rabin Karlsruhe Institute of Technology 
National Center for Atmospheric 

Roy Rasmussen Research 

Jeferson Rodriguez CIAT 

Mark Rosegrant IFPRI 

Cynthia Rosenzweig NASA GISS 

Alex Ruane NASA GISS 
Instituto Nacional de Investigación 

Rodrigo Saldias Agropecuaria 

Salmeron 
Montserrat Cortasa University of Kentucky 


Marco Vinicio 


Sanchez Cantillo 


Food and Agriculture Organization of 
the United Nations 
INSTITUTO DE INVESTIGACIONES 


Patricio Sandana AGROPECUARIAS 
Pauline Scheelbeek LSHTM 
Paulo Sentelhas University of Sao Paulo 
Sumit Sinha University of Leeds 
Ward Smith Agriculture and Agri-Food Canada 
Pacific Northwest National 
Abigail Snyder Laboratory 
Jean-Francois Soussana INRA 
Institute of Crop Science and 
Amit Kumar Srivastava Resource Conservation 
Tommaso Stella ZALF 
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LEADERS FORUM: 
Topic 


AgDIG: 
Cheryl Porter 
Medha Devare 


Aggregation and Scaling: 
Frank Ewert 


AgGRID: 
Christoph Müller 
Joshua Elliot 


Climate Projections: 
Alex Ruane 
Sonali McDermid 


Crop Modeling: 
Peter Thorburn 
Ken Boote 


Fruits and Vegetables: 
Senthold Asseng 


Grasslands Modeling: 
Jean-Francois Soussana 
Fiona Ehrhardt 


Information and 
Communications Technologies: 
Sander Janssen 

Cheryl Porter 


Low-input Farming Systems: 
Marc Corbeels 
Cheryl Porter 


Model Calibration: 
Daniel Wallach 


Model Uncertainty: 
Daniel Wallach 
Linda Mearns 


Nutrition Modeling: 
Jessica Fanzo 
Adam Drewnowski 


Regional Economic Modeling: 
John Antle 
Roberto Valdivia 


Regional Integrated 
Assessments: 
Cynthia Rosenzweig 
John Antle 

James Jones 

Alex Ruane 

Roberto Valdivia 


Representative 
Agricultural Pathways: 
Roberto Valdivia 
John Antle 
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Claudio Stockle Washington State University 
Jacob Taylor Cibo Technologies 
Peter Thorburn CSIRO 
Irene Trebejo Varillas SENAMHI 
Caribbean Community Climate 
Ulric Trotz Change Centre 
Roberto Valdivia Oregon State University 
Michael van der Laan University of Pretoria 
Petrus J van Oevelen Int. GEWEX Project Office 
Ranses Vazquez Institute of Meteorology, Cuba 
Tamil Nadu Agricultural 
Geethalakshmi Vellingiri University 
Gerard Wall USDA-ARS-ALARC 
Daniel Wallach INRA 
Xuhui Wang LSCE 
Leibniz Centre for Agricultural 
Heidi Webber Landscape Research 
Anthony Whitbread ICRISAT 
Keith Wiebe IFPRI 
Kelly Witkowski IICA 
Wei Xiong CIMMYT 
Haishun Yang University of Nebraska - Lincoln 
Ludwig-Maximilians-University 
Florian Zabel Munich 


Stakeholder Unit: 
Wendy-Lin Bartels 
Amy Sullivan 


LEADERS FORUM: 
Topic Crosscutting 


Coordinated Climate-Crop 
Modeling Project (C3MP): 
Alex Ruane 

Sonali McDermid 


Coordinated Global and 
Regional Assessments: 
Cynthia Rosenzweig 
Alex Ruane 


Ozone Modeling: 
Frank Dentener 
Frank Ewert 

Lisa Emberson 
Maurits Van den Berg 


Soils and Crop Rotations 
Modeling: 

Bruno Basso 

L.T. Wilson 


Water Resources Modeling: 


Jonathan Winter 


33 


Appendix C 


REPORT OF THE SEVENTH AgMIP GLOBAL WORKSHOP (AgMIP7) 


APPENDIX 3: ABSTRACTS + PRESENTATIONS 


View Abstracts of Presentations here. 


View Presentation Links: here. 


e Welcome from IICA 


State of AgMIP 

Research Highlights and Opportunities (part 1) 
Research Highlights and Opportunities (part 2) 
Research Highlights and Opportunities (part 3) 


e Research Planning Opportunities 


e Working Group Reports 


e Special Session Reports 


e Side Session Reports 


e AgMIP7 Presentation Videos: 


oO 


ie} 


[0] 


AgMIP7 Day 1 (part 1 
AgMIP7 Day 1 (part 2 


AgMIP7 Day 2 (part 1) 


e Additional AgMIP7 Videos: 


O° 


ie} 


Why did you decide to participate in AgMIP? 


What are the objectives of your participation in AgMIP and, in particular, during this 


week? 
How has AgMIP’s work helped to inform decision making in your country? 


Why do you think it is important to invest in integrated models and use them? 
What are the main associated opportunities to this job? 


How your participation in this global AgMIP network has benefited staff and 
professionally? 

What new ideas or information did you obtain during the AgMIP7 workshop? 
What's next? 
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APPENDIX 4: SIDE SESSION AGENDA 


April 23, 2018 Monday Morning 9 am- 1 pm 


NAME | 


DESCRIPTION 


SESSION INFORMATION | 


Global Gridded Crop 
Model Intercomparison 


The AgMIP GRIDded crop modeling 
initiative (AgGRID) will meet to discuss 
various ongoing projects such as the 
Global Gridded Crop Model 
Intercomparison (GGCMI) phase 1 and 
2, regional projects, the nuclear winter 
project and future plans (phase 3 with 
ISIMIP) 


Contact: Christoph Müller: 
cmueller@pik-potsdam.de 
Joshua Elliot: 


joshuaelliott@uchicago.edu 


Participants: GGCMI members to 
continue underway work sessions. 
Others by permission of Co-Leads 
only. 


Size: 15-20 persons 


Modeling Latin American — 
bridging the gaps between 
supply and demand of 
information for decision 
making 


Modelaje en América 
Latina: cerrando las 
brechas entre la 
generación y la demanda 
de información para la 
toma de decisiones 


This session will help contextualize the 
current use and demand of modelling 
outputs to inform the planning processes 
in the region. The session will provide 
information on the extent of the use of 
modelling tools, modelling capacities and 
research priorities for the region, based 
on previous experiences. In addition, the 
session will focus on assessing the types 
of modelling outputs that are required to 
support existing or upcoming planning 
processes in Latin America. 


Esta sesión se enfocara en 
contextualizar el estado actual del uso y 
la demanda de resultados de estudios 
de modelaje para informar los procesos 
de planificación en la región. La sesión 
proveerá información sobre el nivel de 
utilización de herramientas de modelaje, 
capacidades actuales y prioridades de 
investigación para la región, basado en 
experiencias previas. Adicionalmente, la 
sesión se enfocará en evaluar qué tipos 
de resultados de modelaje se requieren 
para apoyar procesos actuales o futuros 
de planificación en América Latina. 


Contact: Daniela Medina: 
daniela.medina@iica.int 
Kelly Witkoski: 
kelly.witkowski@iica.int 


Participants: Open to people with 
previous experience in modelling and 
or adaptation planning in the 
agricultural sector of any country in 
Latin America. 

Size: 20-25 persons 


supporting document 


Contact: Daniela Medina: 


daniela.medina@iica.int 
Kelly Witkowski: 
kelly.wit ki@iica in 


Participants: Abierto a personas 
con experiencias y conocimientos en 
herramientas de modelaje y o 
planificación para la adaptación en el 
sector agropecuario en cualquier 
país de América Latina 


Size: 20-25 personas 


supporting document 


The AgMIP calibration 
activity 


The purpose of the AgMIP calibration 
activity is to compare and evaluate 
calibration approaches for crop models, 
in view to providing guidelines. In phase 
2, underway, all participants will calibrate 
their model using the same phenology 
data. The session will discuss progress 
to date and plan for the future. 


The session is open to all interested 
persons. Even if you have not signed up 
for phase 2, but are interested in the 
problem of crop model calibration, you 
are cordially invited to attend and take 
part in discussions (and possibly decide 
to participate in the activity). 


Contact: Daniel Wallach: 
Daniel.wallach@inra.fr 
Taru Palosuo 
taru.palosuo@luke.fi 
Sabine Seidel 
sabine.seidel@uni-bonn.de 
Peter Thorburn 

Peter. Thorburn@csiro.au 


Participants: Open 
Size: 10-15 persons 


Supporting document 
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April 23, 2018 Monday Morning 9am — 1pm, continued 


NAME 


DESCRIPTION 


SESSION INFORMATION 


AgMIP-ET-Maize and 
CTW Session 


The Maize team has intercompared 29 
Maize models in their ability to predict 8- 
yr of maize ET data from Ames, lowa. 
The models show huge variation in their 
ability to simulate ET. In this session, to 
be conducted with available members of 
the CTW team, we will analyze results, 
identify most successful approaches, and 
establish priorities for the next phase of 
research. 


April 23, 2018 Monday Afternoon 2 pm — 6 pm 


Contact: 

Bruce Kimball: 
Bruce.Kimball@ARS.USDA.GOV 
Ken Boote: kjboote@ufl.edu 


Participants: this session is 
intended for the Maize Team and 
the CO2, Temp, and Water (CTW) 
Team. Others may participate with 
permission of the Co-Leads only. 


Size: 10 persons 


Anticipating Global and 
Regional Agricultural Risk 


While drought affects many sectors, the 
agricultural sector and larger food 
system form a fundamental basis of a 
drought risk framework that links across 
sectors, scales, disciplines, and 
populations. 


In this session we will consider multi- 
model frameworks for assessing drought 
risk that could impact local farms, 
international markets, and water 
resources. The intent is to agricultural 
sector losses and food insecurity 
throughout society. 


Contact: Alex Ruane: 
alexander.c.ruane@nasa.gov 


Participants: global gridded model 
experts and others 


Size: 10-20 persons 


Better Modeling and 
Planning — how 
Researchers and 
Stakeholders work 
together for improved 
understanding and 
outcomes 


How can researchers support policy 
decision making, setting priorities for 
research and development, actionable 
strategies towards farming futures facing 
complexity and uncertainty? We will 
share experiences from working with 
stakeholders to co-design agricultural 
pathways and identify adaptation 
strategies tested using integrated 
assessments. Pathways and scenarios 
are powerful tools for estimating impacts 
of climate change on vulnerable farm 
populations and address key challenges 
in agriculture. Co-designing improved 
management, mitigation and adaptation 
options contributes to national and 
regional decision processes, aligned with 
Sustainable Development Goals. This 
session will facilitate dialogue between 
researchers and stakeholders for 
improving impacts of agricultural 
research and decision making. 


Contact: Roberto Valdivia: 
Roberto. valdivia@oregonstate.edu 
Sabine Homann-Kee Tui: 
s.homann@cgiar.org 


Participants: The session is open: 
We invite researchers and 
stakeholders to share their 
experience, expectations and 
requirements for modelling in the 
agricultural sector contributing to 
national decision and planning 
processes. 


Size: 10-20 persons 


AgMIP-Wheat 


The AgMIP-Wheat team will discuss 
recent progress, the new phase on 
extreme high yielding crops, possible 
new side activities and next steps. 


Contact: Senthold Asseng: 
sasseng@ufl.edu and Pierre Martre: 
ierre.martre@inra.fr 


Participants: This session is for 
AgMIP-Wheat members only, with 
others attending by permission of Co- 
Leaders only (est. 20 persons) 
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ril 23, 2018 Monday Afternoon 2 p 


6 pm, co 


inued 


Crop Modeling of Low- 
Input Smallholder Systems 


In this session, we discuss and outline 
the intercomparison of crop models (as 
many as possible) for three datasets 
from three experiments (three locations) 
in Sub-Saharan Africa. The crop is 
maize. We will present the datasets and 
define the model parameterization and 
model runs with the different levels of 
input information for the three 
experiments. A list of crop models will be 
identified, and the climate change 
scenarios for the final model simulations 
will be discussed and defined. 


Contact: Marc Corbeels: 
corbeels@cirad.fr 

Bruno Basso: 

basso@msu.edu 

Participants: This session is open 


model to datasets from sub Saharan 
Africa. 


Size: 10-20 persons 


to persons interested in applying crop 


ril 27,2018 Friday Mor 


NAME 


DESCRIPTION SESSION INFORMATION 


Latin America Modeling 
and Assessment 
Activities 


This session will involve participants 
from any country of Central or South 
America with aspirations to establish 
AgMIP Integrated Assessments in your 
region. We will review the 
requirements of integrated assessment 
research, and discuss various 
initiatives and opportunities, including 
EuroClima+ and others. 


Contact: 

Daniela Medina: 
daniela.medina@iica.int 
Kelly Witkowski: 

kelly. witkowski@iica.int 


Participants: open 


Size: 20 persons 


April 27, 2018 Friday Session 9 am — 3 pm 


Joint Session, Executive 
Committee and Research 
and Region Leaders 

Forum 


This session pertains to the underway, 
joint development of an AgMIP 5-year 
Strategic Plan. The Plan will be informed 
by accomplishments across AgMIP 
Activities and Research Themes. It will 
also be motivated by recognized 
challenges or deficiencies that must be 
collectively addressed in the agricultural 
systems modeling community to bring 
modeling to a higher plateau of capability 
and use. In addition to accelerating the 
capabilities of model systems to simulate 
future outcomes for research purposes, 
AgMIP is also committed to establishing 
the best possible information on current 
and likely future agricultural systems with 
consideration of societal goals, planning 
and decisions. 


Contact: Alex Ruane: 
alexander.c.ruane@nasa.gov 
Carolyn Mutter: 
czm2001@columbia.edu 


Participants: Current Activity 
Leaders, Executive Committee and 
Steering Committee Members, 
Steering Committee Co-Chairs. 


Others by permission only, as space 
allows. 


Size: 25-30 persons 
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AgMIP’s mission is improve substantially the 
characterization of world food security as 
affected by climate variability and change, and 
to enhance adaptation capacity in both 
developing and developed countries. 


AgMIP Coordination is located at the Columbia 
University Earth Institute Center for Climate 
Systems Research, 2880 Broadway, 

New York, NY 10025 USA 

phone +1.212.678.5563 

email info@agmip.org 
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Foreword 


The challenges and opportunities that nations and regions of the world face with 
regard to food security today and in the future can benefit greatly from scientific 
and technological innovations that continue to be the hallmark of human ingenuity 
in this era of increasing global competition for limited resources on planet Earth. 
Securing food, fibre, feed, and energy for the current inhabitants and future gen- 
erations is one of the grand challenges facing humans in this century, and perhaps 
the next one, especially in light of rapid changes in the Earth’s planetary system. 
This handbook is dedicated to the research findings by a team of several hundred 
distinguished scientists, policy experts, and decision makers from around the world 
who worked together, through the AgMIP and by way of their national programs and 
contributions, to assess the current state of scientific understanding and knowledge 
of the food systems in order to address this global grand challenge. 

There are several unique features in this handbook and it is the content that sets it 
apart from other science-based assessments and reports. First, it is solution-oriented 
in that the findings and recommendations are intended to be actionable by stake- 
holders and decision makers who were an integral part of the assessment process. 
This participatory approach enabled the findings and outcomes to be accessible and 
useful for adaptive measures towards a more sustainable food system for present 
and future generations. Second, the regional and sectoral focus of the assessment, 
based on newly developed Representative Agricultural Pathways (RAPs), potential 
pathways for development that account for specific and unique soil—crop—climate 
conditions regionally and globally. Third, the multidisciplinary team of scientists 
and decision makers that AgMIP recruited and engaged in the assessment process 
facilitated sharing of the best available information and knowledge to accomplish 
the stated goals of this project. 

Fourth, these efforts helped in advancing the state of scientific understanding, 
knowledge, and sharing of and access to attendant capabilities, such as observa- 
tions, models, and analysis tools, by all those involved in the project without any 
restriction. This was further enhanced through sharing of the results openly at sci- 
entific and technical stakeholder workshops and events, and by including them in 
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major international science-based assessments, such as the Global Environmental 
Outlook-6 (GEO6) and the Intergovernmental Panel on Climate Change (IPCC) 
assessment reports. 

The first chapter in this handbook sets the stage by identifying and describing 
the goals and objectives of this major and seminal scientific effort, and the outcomes 
of the entire process. It identifies the key ingredients for the success of such efforts 
(e.g., participatory and stakeholder engagement) and the lessons learned. The sub- 
sequent chapters describe in greater depth and detail the soil-crop—climate-specific 
analyses conducted for specific regions across the globe. The chapters provide rich 
and innovative approaches that were developed for the first time to accomplish the 
stated goals and objectives. The key ingredients for success were identified as vol- 
untary contributions of highly motivated and enthusiastic participants from around 
the world, the financial support of international development programs, such as 
UK DFID, USAID, and international organizations, and national sponsorship of 
scientists and experts for the programs of interest. 

We are delighted to have the opportunity to write this foreword, as co-chairs 
of the AgMIP Steering Council who oversee the AgMIP governance and scientific 
and technical efforts. We believe this handbook is the best indicator of how AgMIP 
is fulfilling its mission, “to significantly improve agricultural models, and scien- 
tific and technological capabilities, for assessing impacts of climate variability and 
change and other driving forces on agriculture, food security, and poverty at local 
to global scales”, and is a clear and distinct example of how science and technology 
can serve society. 


Ghassem Asrar 
Co-Chair, AgMIP Steering Council 
Senior VP of Science, Universities Space Research Association 


Jean-Francois Soussana 

Co-Chair, AgMIP Steering Council 

Vice-Chair for International Research Policy, Institut National de Recherche pour 
L'agriculture, L’alimentation et L’environnement 
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Foreword 


Columbia University’s Earth Institute is delighted to host the Coordination Unit 
of the Agricultural Model Intercomparison and Improvement Project (AgMIP). Its 
mission is to improve significantly the agricultural models and scientific and tech- 
nological capabilities for assessing the sustainability of agricultural systems. These 
include evaluating the impacts of climate variability and longer-term change, as 
well as other factors influencing agriculture, food security, and poverty at local 
to global scales. AgMIP is a unique international collaboration with over 1,000 
modelers who enable this mission by creating a next-generation knowledge platform 
for agricultural modeling worldwide. 

The second Sustainable Development Goal has as its aim ending hunger, achiev- 
ing food security, improving nutrition, and promoting sustainable agriculture. It is 
shocking that, following the world’s widespread development of living standards of 
the past decades, a third of people still suffer some form of malnutrition. This will get 
worse because of climate change. To this and other ends, Columbia is establishing a 
Climate School, within which AgMIP is playing a central role. The Climate School 
provides students, researchers, faculty, and our many colleagues and partners in New 
York and around the world with an effective and novel vehicle for both focusing and 
expanding the university’s activities around climate, sustainability, and the human 
interface with planet Earth. 

Few universities can match the potential for this Columbia-wide activity. The 
Climate School will bring together many of its world-leading capabilities in cli- 
mate that currently are based in centres of the Earth Institute, such as the Center 
for Climate Systems Research (where AgMIP is headquartered), the International 
Research Institute for Climate and Society, the Center for International Earth Science 
Information Network, and the Lamont-Doherty Earth Observatory. 

The Climate School has many areas of research, but the focus on food has the 
goal of ensuring everyone has a sufficiency of the right kinds of nourishment now 
and into the future, no matter where they live. At the same time, the Climate School 
is working to transition to a food system that is sustainable for the planet. This means 
that we must transform the ways we grow food crops and raise animals; how food 
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is transported, processed, packaged, and marketed; and what and how much food is 
wasted in order to keep the planet healthy. 

The Climate School, including AgMIP, now is developing a Major Program on 
Food for Humanity to build healthy and sustainable food systems that are resilient, 
economical, and equitable in the face of climate-related shocks and stressors. This 
8-to-10-year project would develop a roadmap, activities, and partnerships for 
transforming existing food systems into healthy and sustainable ones, exploiting 
the co-benefits of improved nutrition, better livelihoods, reduced environmental 
impacts, and greater climate resilience. 

Therefore, AgMIP is a key ingredient and partner in Columbia’s ability to tackle 
the climate crisis. We look forward to further joint working and to being able to host 
more conferences and other activities in this area. 


Sir Alex Halliday 
Director of the Earth Institute at Columbia University 
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Foreword 


Anthropogenic climate change is now affecting almost every natural and managed 
system. Whether it’s through sea level rise, changing statistics of weather extremes, 
or climatological shifts, impacts are being seen in agricultural productivity, regional 
water resources, and throughout urban and coastal areas. Additional human activities 
such as deforestation and agriculture are also altering ecosystems and their own 
natural processes are affecting atmospheric composition and climate themselves. 

At the NASA Goddard Institute for Space Studies (GISS) co-located with the 
Columbia University Center for Climate Systems Research (CCSR), the Climate 
Impacts Group focuses on how changes in climate are affecting human society. 
Their mission involves cutting-edge research on climate change impacts on local, 
national, and global scales in order to provide scientific input for stakeholder-driven 
research on climate change adaptation, mitigation, and implementation. As part 
of that mission, they advance programs, projects, and partnerships with multiple 
international scholars and stakeholders. The Climate Impacts Group is strongly 
focused on food security and agriculture, and uses remote sensing data products for 
vegetation, land use, and soil moisture. 

The most prominent of their projects is the Agricultural Model Intercompari- 
son and Improvement Project (AgMIP). This is a research coordination network 
launched in 2010 to focus on coordinated assessments of climate, crops, livestock, 
and economic impacts of climate extremes and long-term changes (climate, socioe- 
conomic, and technological). The research includes more than 35 specific activities 
in collaboration with a broad community of global leaders and teams. Examples 
include the development of near-term climate scenarios, seasonal forecasting, coor- 
dinated global and regional modeling, crop species model improvement, and glob- 
ally gridded modeling. Researchers are utilizing AgMIP protocols to explore crop 
model intercomparisons over multiple crops, models, and time periods. 

Current AgMIP projects are underway on 5 continents, including a sustained 
project engaging a number of partners and stakeholders in Africa with support from 
UK DFID and IDRC. As the AgMIP international hub, CCSR also helps organize, 
coordinate, and produce research outputs including journal articles, reports, and 
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books. This volume is the second AgMIP Handbook in the World Scientific Series 
on Climate Change Impacts, Adaptation, and Mitigation. It describes the methods 
and results of the AgMIP project on Regional Integrated Assessment of climate 
change and farming systems in Africa and South Asia. 

NASA GISS is proud to host AgMIP, a project that has significantly advanced 
the scientific rigor and open access of climate impact assessments on agriculture 
through multi-modeling ensembles, enhanced interoperability, and high-quality data 
and tools. 


Gavin Schmidt 
Director, NASA Goddard Institute for Space Studies 


2023 © The Author(s). This is an Open Access chapter published by World Scientific Publishing 
Europe Ltd, licensed under the terms of the Creative Commons Attribution 4.0 International License 
(CC BY 4.0). 

https://doi.org/10.1142/9781786348814_fmatter 


Preface 


It is a great pleasure to welcome the new volume, Climate Change and Farming 
System Planning in Africa and South Asia: AgMIP Stakeholder-driven Research, in 
the ongoing World Scientific Publishing series on Climate Change Impacts, Adap- 
tation, and Mitigation. The series presents cutting-edge research on climate change 
and key sectoral interactions, with a special focus on the food system. 

This volume is a milestone for the Agricultural Model Intercomparison and 
Improvement Project (AgMIP) as it marks the fruition of a multi-year project funded 
by the United Kingdom’s Department for International Development (UK DFID). 
The project advanced the field of climate change impacts and adaptation in agri- 
culture through the development of the AgMIP Regional Integrated Assessment 
(RIA) methodology. The RIA method provides significant improvements to climate 
change assessments through a stakeholder-driven farming system approach that 
is interdisciplinary (climate, crop, livestock, and economics experts), multi-scale 
(farm, region, and global), and multi-model (ensembles of global climate models 
and crop models), with results that identify the most vulnerable groups of farmers 
through distributional analysis. 

We especially welcome the AgMIP Regional Research Teams from Africa and 
South Asia who contributed to this volume. Your work is helping your own and 
other countries to respond to the challenges of a changing climate. 


Cynthia Rosenzweig and Daniel Hillel 
Series Editors 
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Introduction 


Agriculture is the mainstay of the economy of Senegal as in most countries in 
Sub-Saharan Africa. The Senegalese agricultural sector employs nearly 60% of 
the active population but contributed only 12.7% to GDP in 2019, a sign of the 
low productivity of the sector (ANSD, 2020). The major factors constraining 
productivity are poor soil fertility, overreliance on rainfed agriculture, and low 
inputs. As a result, Senegal is a food-deficit country in spite of the political sta- 
bility it enjoys. Coverage rates of its cereal needs through domestic production 
have varied between 30% and 65% over the past 10 years. The gap is usually 
filled through imports of rice, wheat, and maize (ANSD, 2016). The incidence of 
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income poverty remains high despite policies that have been implemented over 
the last decade. The poverty rate has decreased from 55.2% in 2001-2002 to 
46.7% in 2011. Poverty is more pronounced in rural areas with an incidence of 
57.1% compared to 26.1% in Dakar and 41.2% in other cities (République du 
Sénégal, 2014). 

With most countries of sub-Saharan Africa highly dependent on rainfed agri- 
culture, another environmental stress factor that is projected to impact crop pro- 
duction is climate change (Adiku ef al., 2015). Addressing expected agricultural 
challenges calls for the implementation of sustainable intensification strategies that 
will enhance crop yields, offset the projected negative impacts of climate change 
and thereby improve smallholder farmers, livelihoods. 

Results from climate change impact studies in the region have been varied, 
largely in terms of the magnitude of impact, from almost no impact to up to 60% 
yield losses (Sultan etal., 2013; Faye etal., 2018; Traore et al., 2017). The variability 
in these results stem from differences in methodologies, timescales, crops studied, 
and climate scenarios, as well as inherent uncertainties in global climate models 
(GCMs) used. 

This study was conducted in Nioro du Rip, Senegal (Fig. 1), characterized 
as a semi-arid agro-ecological zone (Adiku et al., 2015). A number of climate 
change impact studies on agriculture have been done in the sub-region (Sultan 
et al., 2013; Traore et al., 2017; Freduah et al., 2019). To our knowledge, 
very limited studies have integrated climate, crops, and socio-economic models 
to estimate the impact of potential climate change on the livelihoods of small- 
holder farmers. We applied an innovative approach that uses multiple crop models 
and an economic model to simulate climate change impacts for multiple farms 
with data coming from socio-economic surveys of smallholder farmers in the 
Nioro area. Stakeholders were engaged to discuss and refine current interven- 
tion packages and co-develop representative agricultural pathways (RAPs) needed 
to characterize the future conditions, as well as the potential future adaptation 
packages. 

The specific research questions answered by this study are: (i) what is the sensi- 
tivity of current agricultural production systems to climate change (ii) what are the 
benefits of interventions on current agricultural systems; (iii) what are the impacts 
of climate change on future agricultural production systems, and (iv) what are the 
benefits of climate change adaptations? 


Description of the investigated farming system 


Agriculture in Nioro is dominated by smallholder farmers (with farm sizes rang- 
ing from 1 to 2ha), engaged in cereals (millet, maize, and sorghum) and legume 
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cropping (mostly peanut and cowpea). Nioro falls within Senegal’s central peanut 
basin, established since the early twentieth century as an oil production hotspot by 
the colonial power. Since the production peak in the early 1970s, peanut remains 
the dominant cash crop in the area. Livestock also plays a significant role in the 
functioning of the overall farming system through its dependence on crop residues 
as feed and provision of manure to the crops. The use of manure for cereal farming 
is limited to the homestead. Farming is characterized by low inputs, dependence on 
rainfed water resources, and poor soils. Agriculture in the study area is dominated 
by millet, peanuts, sorghum and cowpea often grown in an annual cereal-legumes 
rotation. Maize is also cultivated, typically closer to homesteads, but to a lesser 
extent. The duration of Fallow is on the decline due to population pressure and 
increasing land scarcity. Few farmers apply mineral fertilizers as they lack ready 
access to credit and agro-inputs. As a result, average yields of cereals and legumes 
are low. 

In Senegal, where rainfed agriculture dominates, agro-climatic risks are notably 
linked to failed sowings, untimely cessation of the growing season, and water stress 
in the post-flowering and grain-filling stages (mostly terminal drought). Annual 
rainfall in Nioro ranged between 418 and 1035mm with a mean of 725mm over 
the 30-year baseline period (1981-2019). The growing season begins in May and 
extends through to September/October; there are six to seven months of dry season 
every year. Observed climate trends show a sharp increase in maximum temper- 
ature and slight increases in minimum temperature and annual rainfall amount. 
The minimum and maximum temperatures over this period are 19.2°C and 40.4°C, 
respectively. The annual rainfall amount is characterized by high inter-annual vari- 
ability that influences crop productivity and farmer livelihoods. The increase in min- 
imum temperature tends to decrease the diurnal temperature range, which is known 
to have significant impacts on crop development and agricultural productivity (Ly 
et al., 2013). 


Key Decisions and Stakeholder Interactions 


Stakeholder engagement 


Measuring the impact of climate change on future production systems requires 
knowledge of the plausible trajectories of agriculture in the coming decades and 
associated changes to current systems. To identify these changes, we engaged differ- 
ent stakeholders at different scales in an iterative process. A meeting was organized 
by experts from the Initiative Prospective Agricole et Rurale (IPAR) to kick-start 
the RAPs development process. The session was initiated by a presentation of pre- 
liminary and contextual information related to the AgMIP research questions and 
definition of key concepts: representative concentration pathways (RCPs), shared 
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socio-economic pathways (SSPs), and RAPs, and a discussion of SSP narratives. 
Also discussed were the potential intervention packages needed to improve crop 
productivity under the current climate. 

A second meeting was held in Nioro du Rip to develop two RAPs, a Sustainable 
Development pathway (SDP) and Fossil Fuel Development (FFD) pathway. The sec- 
ond session was centred on discussion of identifying RAP elements and the direction 
and magnitude in which each one of them will change under each RAP. Participants 
included experts in agriculture, livestock, horticulture, extension specialists, farm 
leaders, NGO representatives, and elected officials. During the meeting, we devel- 
oped the SDP RAP and the FFD RAP based on the AgMIP protocols (see Appendix 1 
in this Volume). 

A stakeholder engagement meeting was also organized to share results for Nioro. 
The CGIAR Research Program on Climate Change, Agriculture and Food Security 
(CCAFS) platform provided support through information and invitation to its mem- 
bers. About 40 stakeholders attended the event, including government technical 
services staff and policy makers. The entire engagement with stakeholders is illus- 
trated in Fig. 2. 

A high-level policy dialogue with parliamentarians and policy makers of the 
Senegalese agricultural sector was then held to discuss the agricultural pathways 
underlined in the SDP RAP and the FFD RAP. The theme of the dialogue was “Cli- 
mate Change and Senegalese Agricultural Pathways: Implications for Public Pol- 
icy”. Another high-level stakeholder engagement was organized in Dakar to share 
and discuss results from the AgMIP Phase II regional integrated assessment (RIA). 
Stakeholders included government representatives, civil society organizations, inter- 
national organizations (FAO, IFPRI), the National Committee on Climate Change 
(COMNACC), members of Parliament, representatives of farmers’ organizations, 
think tanks, and research organizations. 


IPAR Expert Meeting 


8/9/2015 2d High Level Stakeholder Meeting 
Dissemination Phase 2 
Nioro local stakeholders 28/02/2017 
2015 29/10/2015 
Phase 1 dissemination 1% High level Policy Dialogue 2017 
CCAFS Platform Parliamentarians and policymakers 
18/06/2015 8-9/08/2016 


National Experts meeting 
21-22/02/2016 


Fig. 2. Timeline of stakeholder meetings. 
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Representative Agricultural Pathway (RAP) narratives 


For our study, two contrasting agricultural development pathways were considered; 
Sustainable Development Pathway (SDP) (RAP 4) and Fossil Fuel Development 
(FFD) Pathway (RAP 5). 


RAP 4: Sustainable development — taking the green road 


Inclusive approaches in public policies are implemented alongside significant 
development of community initiatives and greater accountability of grassroots 
organizations. Good agro-ecological practices are mainstreamed leading to a 
gradual improvement of soil fertility, in particular with better integration of 
crop-livestock production systems. The use of water storage technologies and 
better management induce increased availability and access to water. 

Decentralization policies are fully implemented in a context of improved 
human and social capital. Development of infrastructure, greater access to Infor- 
mation and Communication Technology (ICT), and the process of urbanization 
put some stress on labour availability, in particular for on-farm activities. Social 
and economic processes generate household segmentation! along with greater 
labour demand for off-farm income. 


RAP 5: Fossil fuel development 


Population growth and rapid urbanization lead policy makers to further develop 
infrastructure and rapidly raise agricultural productivity. The agricultural sector is 
a policy priority and must respond quickly to increased demand particularly from 
urban dwellers. Input subsidies, development of road networks, and the revi- 
talization of the peanut basin are key interventions. These policies and interven- 
tions are fulfilled without proper application of good and environmentally friendly 
agricultural practices, thus contributing to soil degradation and unsustainable 
use of water resources. Herd size and livestock productivity rise as a result of 
improved political support to the sector, better health protection programs, greater 
urban demand, and the determination of pastoralists to seize these market opportu- 
nities. 

The development of the digital economy, mechanization of agriculture, and a 
strong energy demand exert a powerful influence on rural activities. Household 
size decreases along with fragmented farms.” Stronger and better road networks 
increase employment opportunities outside agriculture. 


lFor instance, households break up into several smaller entities often with the disappearance of the patriarch. 
2Farm size decreases mainly due to the redistribution of land to the siblings through inheritance. 
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Adaptation packages 


Intervention packages constitute practices that can be implemented under current 
climate to intensify the production system. Adaptation packages are practices which 
when adopted under climate change conditions will reduce the negative impact of 
climate change. The intervention and adaptation packages were co-generated with 
stakeholders for improving productivity under current climate and future climate, 
respectively. 


Intervention packages under current climate 


We tested two intervention packages: (i) Management intervention and (ii) Manage- 
ment intervention plus improved (genetically) varieties. Management intervention 
involved increasing plant population. For maize, this increased from 4 plants m~? to 
5.5 plants m~? coupled with 30 kg N ha™! fertilizer applied in addition to what each 
farmer applied in the survey year. For millet, plant population was increased from 
2 plants m~? to 3 plants m~? coupled with 15 kg Nha™! per farmer. The inorganic 
fertilizers were applied in 3 instead of 2 splits. For peanut, plant population density 
was increased from 10 to 20 plants m~”. On the policy/socioeconomic side, gov- 
ernment subsidized fertilizer costs to farmers for maize and millet from 50 to 70%. 
There was also additional cost of fertilizer applied to millet and maize along with 
the labor cost associated. 

The second intervention package was driven by improved seeds with high genetic 
potential in addition to the improved management practices (included in Interven- 
tion Package 1). For the cereals (maize and millet), the photothermal time from 
emergence to end juvenile stage was reduced by 20% and the difference added to 
the photothermal time from flowering to maturity. The maximum kernel number G2 
(in maize) and scaler for partitioning of assimilated to the panicle head (in millet) 
were increased by 20%. In peanut, the maximum fraction of daily growth that is 
partitioned to seed + shell (XFRT) was increased by 20%. In addition to the pol- 
icy/socioeconomic parameters in package 1, this package included costs of seed per 
ha for all three crops. 


Adaptation package under future climate 


The adaptation strategy used to withstand weather conditions under climate change 
scenarios was a virtual heat-tolerant variety of each of the three crops. This adapta- 
tion allows for higher tolerance to increased temperature. For maize and millet, the 
time from flowering to maturity was increased by 10% to make up for reduction in 
phenology due to temperature stress. For peanut, the time between first seed (R5) 
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and physiological maturity was increased. Additionally, the planting window under 
current climate was narrowed for the future climate. 


Data and Methods of Study 


Climate 
Agro-climatic characteristics of West African agriculture 


Nioro, Senegal is situated in an arid agro-ecological zone and has an average annual 
rainfall of 741mm. Mean annual minimum and maximum temperatures are 20°C 
and 35°C, respectively. The rainfall season is unimodal, with the onset of the rains 
occurring in agricultural areas from May to July and ending in September—October. 
The temporal distribution of temperature is typically bimodal with one maximum 
in April-May and another one in October. Climate risks and hazards affect crop 
production in most parts of the region where rainfed agriculture dominates. Agro- 
climatic risks are notably linked to false starts of sowing, untimely cessation of 
the growing season, and water stress in the post-flowering and grain-filling stages. 
The seasonal distribution of rainfall could be affected by a warming climate, with 
expected increase in rainfall variability and frequency of extreme events impacting 
agricultural productivity. 

The agro-climatic characteristics are then used to evaluate the sensitivity of crop 
productivity and to find the most suitable climate index to explain crop yields in the 
different years. 

Figure 3 shows the dynamics in the onset and cessation dates of rains over a 
30-year period in Nioro. In some cases, a later rain cessation date led to an expanded 
growing season with positive benefits to the crops. However, the same amount of 
rainfall can be spread out over a longer time with long dry spells occurring during 
the reproductive stage of crops. This occurred in 2007, which was characterized in 
the farmer survey as a bad year in terms of rainfall variability. The 2007 rainy season 
started on June 18, which is not too late compared to climatology (June 23). The 
rainy season ended towards October 28, 2007 vs. October 26 on average. In 2007, 
there was a long dry spell of 13 days just after the onset of the cropping period, 
which might have negatively impacted the seedlings at their early development 
stage. Towards the end of the cropping period, 17 days of dry spell occurred again, 
which also had negative impacts on the crop at the critical reproductive stage. 


Projected change in rainfall and temperature 


The selection of five GCMs per site, according to the AgMIP protocol, charac- 
terizes different projected climates for the region (Ruane and McDermid, 2017). 
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Fig. 3. Evolution of the onset date (a) and the cessation date (b) in the cropping season at the Nioro 
(Senegal) site from 1980 to 2010. The red line is the linear trend in the full time series while the blue 
line is the smoothed function that fits the evolution of the datasets. The criteria were developed for 
the West Africa region based on the annual climate outlook forum (PRESASS in French) and adapted 
from Sivakumar (1990). 


Table 1. Selected GCMs for Nioro, Senegal according to the AgMIP protocol. 


Emission Level of 
Scenario Emissions Cool/Wet Hot/Wet Middle Cool/Dry Hot/Dry 


RCP 8.5 High GFDL-ESM2 GISS-E2-H BNU-ESM CESM1-BGC = CMCC-CM 
RCP 4.5 Medium GFDL-ESM2 GISS-E2-H bcc-csml-1 MRI-CGCM3 IPSL-CMSB-LR 


A scatterplot combining temperature and precipitation change relative to the 30-year 
baseline is plotted to determine, in terms of tendency, models being hot/dry, hot/wet, 
cool/wet, cool/dry, and/or in the middle of the different projections for RCP 4.5 and 
RCP 8.5. Once the GCMs were selected, some additional analysis were conducted 
to ensure that the models also capture the main West African climate features that 
might help to better interpret variability or model-specific bias. For detailed inter- 
pretation of the validity in selecting the GCMs, see Ruane and McDermid (2017). 
The list of GCMs selected for this study is given in Table 1. 


Future climate scenarios 


A significance test was done to assess the projected change in rainfall and tem- 
perature at the study site using the AgMIP criterion (Ruane and McDermid, 2017). 
Figure 4 shows monthly AT and AP for the cool/wet, cool/dry, middle, hot/wet, and 
hot/dry scenarios (e.g., average temperatures for the baseline and each of the five 
GCMs at the study location). The results show that the five selected GCMs predict a 
significant change in monthly total rainfall especially during the rainiest months. In 
general, all 29 GCMs tend to simulate higher rainfall with a large variance, specif- 
ically during the rainiest months. Most of the studies on the impact of climate on 
West African crops have shown that total annual or seasonal rainfall amounts do not 
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RCP 8.5 mid-century Temperature scenarios for 29 GCMs (Nioro, Senegal) 
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Fig. 4. Projected changes in the average monthly mean rainfall in Nioro, Senegal of 29 GCMs. The 
black curve with squares represents the average values for the 30-year baseline period (1981-2010) 
and the colors represent the five representative GCMs selected following the AgMIP protocol. 


°c 


2 


N 


15 


10 


> 


-40 


& 


-20 -10 o 10 20 


Fig. 5. Expected average change (from 29 GCMs) in JJAS temperature and precipitation in West 
Africa (RCP 8.5) — Mid Century time slice (2040-2069). 


explain a large part of their variability. Instead, one needs to define more accurate 
rainfall parameters that describe the seasonal and intra-seasonal variability of the 
monsoon. 

The expected average change in temperature and precipitation during the main 
months of the rainy season (from June to September) relative to the baseline period 
1981-2010 was evaluated from 29 GCMs. Overall in the region, according to the 
RCP 8.5 scenario, temperatures are expected to increase in the future by 2°C. For 
precipitation, the changes are variable: a decrease by about 20% is expected in the 
western part of the region, while an increase of about 30% is expected inland and 
towards the eastern part of the region (Fig. 5). 
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Crops 


Crop yields and crop management information on millet, maize, and peanut 
were collected from the World Bank household survey data (WLD, 2008), which 
served as input data for the crop models. A total of 225 households were cov- 
ered: 219 cultivated peanut, 221 cultivated millet, and 98 cultivated maize. Data 
collected include observed yields and crop management (sowing date, time, 
and amount of fertilizer/manure applied). Data on cultivar information were 
obtained from literature (MacCarthy et al., 2009, 2010; Akponikpé et al., 2010; 
Naab et al., 2004; Dzotsi et al., 2003). Weather data used were those described 
in the climate section. Simulation of crop yields was done using two of the most 
commonly used crop models in the sub region; DSSAT (Hoogenboom ef al., 2019) 
and APSIM (Keating et al., 2003). 


Economics 


The socio-economic data for Nioro comprise a sample of 225 farm households 
from the World Bank RuralStruc Household Survey data 2007-2008. These farm 
households were partitioned into four strata based on maize and livestock produc- 
tion: (i) non-maize with livestock; (ii) non-maize without livestock; (iii) maize with 
livestock; and (iv) maize without livestock. Table 2 presents the descriptive statistics 
of the socio-economic data by strata. 

To conduct the economic analysis, we used the TOA-MD model (Antle and 
Valdivia, 2014) to assess the impacts of climate change and adaptation on farmers’ 
livelihoods (e.g., vulnerability, farm income, poverty rates, etc.). 


Integrated Assessment Results 


Core Question 1: What is the sensitivity of current agricultural production 
systems to climate change? 


Maize 


Simulated average yields under current climate were 934 and 617 kg ha! for DSSAT 
and APSIM, respectively. Maize yields simulated under RCP 4.5 for the five GCMs 
ranged from 682 to 803 kg ha~! using DSSAT and from 593 to 654 kg ha™! using 
APSIM. These resulted in yield reductions of between 7% and 27% for DSSAT; 
relative to the baseline; yield reductions for APSIM were 3 and 6% for two GCMs, 
while the other three GCMs projected yield increases of between 3 and 11% under 
RCP 4.5. With RCP 8.5, grain yields ranged between 553 and 828kgha7! for 
DSSAT and from 588 to 646kg ha~! for APSIM. These resulted in yield changes 
of between —33% and —9% for DSSAT, relative to the baseline, while APSIM 
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Table 2. Summary statistics by strata. 
Socio-economic 
Indicators Unit N Mean Std CV 
Strata 1 — No maize with livestock 
Household size Persons 41 11.63 6.16 52.94 
Farm size Ha 41 8.29 4.53 54.60 
Herd size UBT 41 2.17 5.80 267.65 
Off-farm income XOF 41 543451 844930 155.47 
Strata 2 — No maize & no livestock 
Household size Persons 91 11.27 4.53 40.18 
Farm size Ha 91 7.96 5.98 75.16 
Herd size? UBT 66 1.00 0.89 88.69 
Off-farm income XOF 91 520806 638394 122.58 
Strata 3 — Maize with livestock 
Household size Persons 45 13.09 6.00 45.86 
Farm size Ha 45 9.60 4.82 50.25 
Herd size UBT 45 6.86 11.16 162.60 
Off-farm income XOF 45 730418 701888 96.09 
Strata 4 — Maize & no livestock 
Household size Persons 48 13.10 6.71 51.19 
Farm size Ha 48 9.60 4.61 48.00 
Herd size UBT 40 2.42 2.92 120.52 
Off-farm income XOF 48 490854 529565 107.89 
Note: *For Strata 2 and 4, herd size is not zero but there is no production of milk or meat or 
live animals. 
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Fig. 6. Climate change impact on maize productivity simulated by two crop models, DSSAT and 
APSIM, under current management systems in Nioro, Senegal. 
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Fig. 7. Climate change impact on millet grain productivity simulated by two crop models, DSSAT 
and APSIM, under current management systems in Nioro, Senegal. 


simulated yield changes of —5% and —2% for two GCMs and yield increments of 
between 4% to 14% for the remaining three GCMs. Thus, projections by APSIM 
were generally less negative compared to those of DSSAT (Fig. 6), mainly because of 
the differences in temperature threshold used by the two crop models. Additionally, 
while APSIM responds to water and nutrient stress by extending the crop duration to 
physiological maturity, maize phenology in DSSAT is not sensitive to these stresses. 
Thus, the growth durations of the crops varied under the two models. 


Millet 


Simulated average yield of millet in Nioro under current climate was 586 kg ha™!. 
Yields for future climate scenarios ranged from 526 to 593 kg ha~! for DSSAT under 
RCP 4.5 and from 468 to 611 kg ha~! under RCP 8.5. These represent yield changes 
of between —6% and +1% for RCP 4.5 and between — 16% and +5% for RCP 8.5. 
Average yield simulated by APSIM under current climate was 446 kg ha~!, while 
the GCM-simulated yields ranged from 431 to 466 kg ha~! under RCP 4.5 and from 
430 to 461 kg ha! under RCP 8.5. Thus, millet yields changed from between —3% 
and +9% under RCP 4.5 and between —3% and —1% for the two wet scenarios 
and between +1% and +11% for the remaining three scenarios under RCP 8.5. 
Simulated variations in climate change impact among farms by both crop models 
were higher in the wet climate scenarios, while the dry scenarios had lower variation 
among farms. As with maize, the magnitude and direction of yield changes were 
not always the same for the two crop models (Fig. 7). Additionally, the magnitudes 
of impact on millet were less than that for maize, confirming millet as more robust 
to climate change (Faye et al., 2018). 
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Fig. 8. Simulated climate change impact on peanut grain yield by two crop models, DSSAT and 
APSIM, under current production systems in Nioro, Senegal. 


Peanut 


Simulated average yields of peanut at Nioro under current climate were 665 and 
645kg ha~! for DSSAT and APSIM, respectively. For DSSAT, simulated average 
yields across GCMs ranged between 568 and 829kgha~! under RCP 4.5 and 
between 437 and 905 kg ha~! under RCP 8.5. Percentage yield changes ranged from 
—11% to +26% under RCP 4.5 and from —7% to +39% for RCP 8.5, relative to the 
baseline. With APSIM, simulated average yields ranged from 762 to 826 kg ha™! 
under RCP 4.5 and from 772 to 908 kg ha~! under RCP 8.5. Thus, future average 
GCM-simulated yields increased by between 18% and 30% under RCP 4.5 and 
between 22% and 44% under RCP 8.5. 

Simulated peanut yield changes were generally positive (Fig. 8). Unlike the 
maize and millet cereals, peanut is a C3 plant and hence, has a higher response to 
CO; fertilization. Additionally, its yield is not limited by N stress and thus they ben- 
efited from CO) fertilization. Furthermore, about 40% of yield increases in peanut 
for Nioro can be attributed to higher projected rainfall compared to the current 
climate. 


Household vulnerability to climate change 


Vulnerability is defined here as the proportion of farms that are at a risk of los- 
ing income from climate change. The TOA-MD results show that the percentage 
of vulnerable farms varies between 24% and 59% across GCMs, RCPs, and crop 
models. Under DSSAT, the dry scenarios displayed the highest vulnerability to 
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Fig. 9. Percentage of farm households vulnerable to climate change estimated with the TOA-MD 
regional economic model based on a crop model (DSSAT) simulation under RCPs 4.5 and 8.5. 
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Fig. 10. Percentage of farm households vulnerable to climate change estimated with the TOA-MD 
regional economic model based on a crop model (APSIM) simulation under RCPs 4.5 and 8.5. 


climate change, with the hot/dry scenarios recording the highest level of vulnera- 
bility (Fig. 9). The lowest values were recorded for the cool/wet and middle scenar- 
ios. There was more variation in projected household vulnerability with crop yield 
changes projected by DSSAT. Under APSIM simulations, variability across GCMs 
was marginal (Fig. 10). 
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Fig. 11. Net economic impacts as a percent of mean net farm returns estimated by TOA-MD regional 
economic model based on simulations from two crop models (DSSAT and APSIM) under RCP 4.5 
and RCP 8.5. 


Net economic impacts as a percent of mean net farm returns 


The hot/dry scenario in RCP 8.5 under DSSAT displayed a 9% decrease in mean net 
farm income, while other dry scenarios had small positive impact, ranging between 
13% and 16% of mean net farm returns. In contrast, the cool/wet and middle scenar- 
ios generated large positive impacts varying between 31% and 52% of mean farm net 
returns. Using APSIM, net economic impacts as a percent of mean net farm returns 
were positive but marginal across all scenarios, ranging from 1% to 8% (Fig. 11). 
The dry climate scenarios were characterized by reduction in rainfall amounts and 
events resulting in higher moisture stress compared to the wet scenarios. 


Core Question 2: What are the benefits of adaptation in current agricultural 
systems ? 


Maize 


Simulated maize yields under current climate and management practices in Nioro 
were 934 and 617 kg ha”! for DSSAT and APSIM crop models, respectively, while 
yields of 2214 and 1961 kg ha! were simulated using DSSAT and APSIM, respec- 
tively, under improved management practices (increased fertilizer amount, number 
of split applications, and plant population). These resulted in maize yield increases 
of 261% and 343% using DSSAT and APSIM, respectively (Fig. 12). When a virtual 
cultivar with improved genetics (20% shorter juvenile stage and 20% longer repro- 
ductive stage) was used in addition to improved management practices, simulated 
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Fig. 12. Yield gains for adopting intervention packages on (a) maize and (b) millet under the cur- 
rent climate at Nioro, Senegal. Intervention Package 1 is improved management practices (increased 
fertilizer amount, number of applications, and plant population). Intervention Package 2 includes a 
genetically modified variety in addition to the management practices in Intervention Package 1. 


grain yields increased to 2778 and 2090 kg ha™!, representing yield increases of 
351% and 372% for DSSAT and APSIM crop models, respectively, compared to 
the yields obtained under current management (Fig. 12a). 

Given that we are in low input systems with a very large yield gap, any improve- 
ment in the agronomic practice will result in significant yield increases. Similar 
yield responses have been reported by other studies in environments similar to 
Nioro (Naab et al., 2015; MacCarthy et al., 2009). 


Millet 


Simulated millet yields in Nioro were significantly enhanced under both the man- 
agement intervention (increased fertilizer amount, number of split application by 
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one, and plant population) and the intervention with the genetic adaptation package 
(shortening juvenile stage by 20% and extending reproductive stage by the same 
magnitude) (Fig. 12b). Under the management intervention, millet yields of 896 and 
1107kgha~! compared to baseline yields of 585 and 445kgha~! were simulated 
using DSSAT and APSIM models, respectively. With the genetically improved cul- 
tivar, average yields increased to 1345 and 1384kgha~! for DSSAT and APSIM, 
respectively. The use of interventions reduced grain yield variability among farms. 
Yield variabilities of 37% and 13% were simulated with the management interven- 
tion and between 39% and 15% were simulated with genetic adaptation compared 
to between 50% and 57% simulated under current management practices. 


Peanut 


Simulated average yields under current management practices were 665 and 
645 kg ha~! for DSSAT and APSIM, respectively. With increases in plant popu- 
lation (from 10 to 20 plants /m?), peanut yields increased by 27% for DSSAT and 
18% for APSIM (Fig. 13). Further yield increases were simulated when genetic 
improvement (harvest index increased by 20%) was coupled with increased plant 
population. Simulated average yields of 929 and 784kgha~! were simulated for 
DSSAT and APSIM, respectively, with yield gains of 43% and 22%. Variability in 
yield was reduced with the management adaptation from baseline values of 45% and 
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Fig. 13. Peanut grain yield changes under two intervention packages for peanut production at Nioro, 
Senegal. Intervention package 1 is improved management practices (increased plant population). 
Intervention package 2 includes genetically modified variety in addition to increased plant population 
as in intervention package 1. 
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41% to 37% and 38% with improved management practices, and to 39% and 42% 
with the addition of genetic improvements for DSSAT and APSIM, respectively. 


Economic analysis 


With the APSIM simulations, the first intervention package displayed a high adop- 
tion rate of 83%. Percent change in net farm returns increased between 63% and 81% 
(Table 3), while percent change in per capita income (PCI) ranged between 33% and 
43%. Large drops in poverty rates were observed within a range of between 21% 
and 27%. When comparing the two intervention packages, adding new varieties did 
not lead to significant increase in additional adopters (from 82.6% to 84.5%). 

In contrast, the estimation based on DSSAT simulations displayed greater differ- 
ences in the economic outcomes of the two intervention packages. For instance, the 
adoption rate for the first intervention package was 72%, while the second package 
had 82% adopters (Table 3). Percent change in mean farm net returns was 37% from 
the first intervention and 66% from the second package. Percent change in PCI on 
aggregate was 20% with Intervention Package 1 and 35% with Intervention Package 
2. Finally, in terms of percent change in poverty, the first intervention package gen- 
erated a 12% drop in poverty and the second intervention yields a decrease of 23%. 

Overall, the TOA-MD estimations on the impact of the intervention packages 
based on APSIM and DSSAT simulations in the current climate led to the following 
conclusions: 


e Intervention Package 1, which comprised increased fertilizer and improved crop 
management including appropriate plant population density and split fertilizer 
applications, yielded higher returns, resulting in a simulated higher level of 
adoption. 

e Adding an improved variety to the package brings additional gain in yield and 
economic return. However, the largest proportion of additional gains came from 
changes in agronomic management. Assuming there were no differences in the 


Table 3. Economic results simulated from two intervention packages (APSIM and DSSAT). 


Per Per 
Net Net Capita Capita 
Returns Returns Income Income Poverty Poverty 

Simulated without with without with without with 
Adaptation adoption Adaptation Adaptation Adaptation Adaptation Adaptation Adaptation 
Package Rate (%) (FCFA) (FCFA) (FCFA) (FCFA) (%) (%) 
APSIM Al 83 676,683 1,100,624 124,745 166,335 83 65 
APSIM A2 85 676,697 1,224,541 124,747 178,502 83 60 
DSSAT Al 72 676,662 929,650 124,743 149,543 83 73 


DSSAT A2 82 677,846 1,127,261 124,862 168,958 83 64 


22 D.S. MacCarthy et al. 


opportunity costs of package 1 vs. package 2, the latter would attract more adopters 
than the former. 


Considering the costs and time associated with crop improvement, and the fact 
that higher yields and returns can readily be achieved from increased fertilization 
rate and planting densities, this analysis suggests that in the short term, policies that 
favor smallholders access to current technologies (fertilizer and seed) are key to 
reduce yield gaps and poverty. 


Core Question 3: Whatis the impact of climate change on future agricultural 
production systems? 


To represent future agricultural production systems, we included in the two afore- 
mentioned Representative Agricultural Pathways biophysical and socio-economic 
indicators that stakeholders identified as likely to change in future production sys- 
tems. These indicators were used to re-parameterize the crop and the TOA-MD mod- 
els. The crop management practices used were the intervention packages in Q2 in 
addition to modifications to the soil profile and organic carbon in the top soil. Amount 
of fertilizer applied was stratified based on the amount applied in the baseline survey. 
For the Sustainable (Fossil Fuel) Development Pathways, 10, 30 and 40 kg Nha7! 
(20, 30 and 60 kg Nha™') were respectively applied to farmers who applied 0, less 
than 15 and more than 15 kg N ha! in the baseline survey. Under the SDP, soil depth 
and organic carbon were maintained while under the FFD pathway, soil depth was 
reduced by 20% as a way to approximate losses in soil and organic carbon. 


Maize 


The average future yields of maize assuming no climate change under the SDP 
and the FFD Pathway were 2165 and 2484kgha~! for DSSAT and 1544 and 
1749kgha~! for APSIM, under the SDP and FFD, respectively. Applying cli- 
mate change under the SDP, maize grain yields for DSSAT ranged from 1136 to 
2484 kg ha™!, while yields for APSIM ranged from 1537 to 1749 kg ha™!. Climate 
change impact under the SDP resulted in maize yield changes of between —29% 
and —19% for DSSAT and between —5% and —2% under three climate scenarios, 
and up to +3% in the other two for APSIM (Table 4). 

Applying climate change under the FFD pathway, average simulated maize yields 
across GCMs ranged from 1136 to 2484 kg ha~! for DSSAT and between 1537 and 
1749kg ha! for APSIM. Considering the FFD, DSSAT projected greater yield 
declines than APSIM. Maize yield reductions were between 20% and 52% using 
DSSAT, while for APSIM yield reductions were between 1% and 9% (Table 4). 

The variability in simulated yields under current climate with SDP and FFD 
were 38% and 51% for DSSAT, and 50% and 60% for APSIM, respectively. Yield 
variability under future climate scenarios ranged between 43% and 55% under SDP 


Table 4. Projected climate change impacts on yield of maize, millet, and peanut in Nioro, Senegal under two 
contrasting RAPs (SDP: Sustainable Development Pathway and FFD: Fossil Fuel Development Pathway) using 
DSSAT and APSIM. 


Climate Maize % A Millet % A Peanut % A 
Scenario Description DSSAT APSIM DSSAT APSIM DSSAT APSIM 
Sustainable Development Pathway 


GFDL-ESM2M cool/wet —18.8 (3.9) —2.9(1.6) 1.0(6.0) —3.1(1.3) 26.4(4.4) 17.6 (1.6) 
MRI-CGCM3 cool/dry  —19.6 (7.7) 3.1(4.3) —8.5 (5.9) —3.7 (3.2) —4.9 (13.4) 28.4 (6.7) 


bec-csm1-1 middle —18.6 (1.9) 0.6(2.0) —3.0 (4.5) —4.3(1.7) 14.8 (8.5) 25.6 (4.4) 
GISS-E2-H hot/wet —28.9 (3.7) —2.4 (1.3) —5.6 (3.7) —6.1 (1.7) 17.4 (9.6) 30.5 (6.6) 
IPSL-CM5B-LR hot/dry —25.3(10) —5.2 (5.6) —10.5 (14.7) —8.7 (6.7) —12.9 (11.4) 22.3 (12) 


Fossil Fuel Development Pathway 
GFDL-ESM2M cool/wet —29.3 (3.0) —1.9 (1.0) 3.6(10.5) —6.9 (1.8) 34.5 (5.4) 29.9 (1.4) 


CESMI-BGC cool/dry —25.8 (11.8) —5.8 (8.4) —15.3 (6.6) —17.1 (4.7) —22.4 (10) 17.1 (5.4) 
BNU-ESM middle —19.8 (2.9) —0.7 (1.4) 4.2 (7.9) —6.8 (1.4) 24.1 (6.9) 33.3 (3.3) 
GISS-E2-H hot/wet —38.2 (2.7) —1.4 (1.6) —5.4 (7.8) —10.5 (1.8) 11.4 (9.6) 39.0 (7.1) 


CMCC-CM hot/dry —52.3 (5.7) —9.4 (6.8) —24.8 (5.8) —18.9 (3.2) —39.8 (9.4) 28.9 (10.9) 


Note: Standard deviation of %A is in parentheses. 
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and between 24% and 41% under FFD pathway using DSSAT, while those simulated 
for APSIM ranged between 55% and 60% under SDP and 37% and 49% under FFD. 
Climate change thus reverses yield variability outcomes between the two RAPs, 
making it higher under SDP compared to FFD pathway. 


Millet 


Simulated future millet yields in Nioro assuming no climate change under the SDP 
and the FFD Pathway using DSSAT were 1210 and 1304 kg ha~!, while those simu- 
lated by APSIM were 1192 and 1508 kg ha™', respectively. Simulated yields for the 
future climate under SDP ranged from 1038 to 1175 kg ha~! for DSSAT and from 
1081 to 1192kgha~! for APSIM across climate scenarios. Thus, climate change 
under SDP resulted in yield declines under 4 climate scenarios and a marginal 
yield gain (about 1%) for one climate scenario using DSSAT and yields declined 
by between —9% and 3% using APSIM model compared to the respective yields 
under current climate. Yield changes of between —25% and —5% for three climate 
scenarios and +4% for two climate scenarios relative to the 30-year baseline were 
simulated by DSSAT whereas with APSIM, yield changes were between —19% and 
—7% under climate change with FFD (Table 4). 


Peanut 


Projected average peanut yield assuming no climate change under SDP and FFD 
Pathway were 826 and 788kgha~! for DSSAT and 731 and 716kgha™! for 
APSIM, respectively. Simulated future peanut yields under SDP ranged from 699 
to 1030 kgha7' for DSSAT and from 857 to 937 kg ha~' for APSIM. For DSSAT, 
all SDP yields under climate scenarios were higher than the yields obtained assum- 
ing no climate change except for the relative dry climate scenarios (Table 4). The 
dry scenarios under DSSAT projected 15% and 5% yield reduction, while yield 
gains of between 17% and 26% were projected for the other climate scenarios. For 
APSIM, yield increases of between 18% and 31% were simulated (Table 4). Under 
the FFD Pathway, yields under future climate scenarios were generally higher than 
those under current climate with FFD pathway. Peanut yields ranged from 455 to 
1046 kg ha~! with DSSAT, which represented yield gains of between 11% and 35% 
under three climate scenarios, and yield reductions of 22% and 40% under the two 
dry climate scenarios (Table 1). For APSIM, yields ranged from 826 to 980 kg ha~! 
representing yield gains of between 17% and 29%. 


Household vulnerability to climate change 


The impact of climate change on future systems takes into account sensitivity to 
prices. The price sensitivity analysis assumes a “high price range” based on the global 
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Fig. 14. Percent vulnerable households under high (H) and low (L) prices, 5 climate scenarios, 2 crop 
models (DSSAT and APSIM) and 2 Representative Agricultural Pathways (Sustainable Development 
Pathway: SDP and Fossil Fuel Driven Development Pathway: FFD). 


economic model projections (IMPACT; Robinson et al., 2015) with and without 
climate change. Likewise, for the “low price range”, the assumptions are that (i) 
current prices are equal to future prices with no climate change, and (ii) the low price 
under climate change is set to be 10% lower than the price without climate change. 

Under the high price scenario, the percentage of vulnerable farms varied between 
13% and 37% across GCMs, development pathway, and crop models. The lowest 
vulnerability is recorded for the wet and middle scenarios. The hot/dry scenario for 
FFD presents the highest level of farm vulnerability under DSSAT. Under APSIM 
simulations, the vulnerability level of farm households were very low across climate 
scenarios. In future farming systems, the level of farm vulnerability dropped strongly 
under the high price scenario. The results obtained under the low price scenario 
showed a high level of vulnerability. Indeed, the percent of vulnerable households 
varied between 30% and 77%. In general, vulnerabilities were higher for the dry 
scenarios and lower for the middle and wet scenarios (Fig. 14). 


Net economic impacts as a percent of mean net farm returns 


Under future agricultural systems and the high price scenario, climate change pro- 
duced high positive net economic impacts on farmers’ livelihoods under both SDP 


3 The initial assumptions under the low price scenario were as follows: (i) current prices are equal to future prices 
with no climate change; and (ii) deviation of prices with climate change relative to no climate change prices is 
the same for high and low prices. Consequently, the relative price (or the deviation range from the “no climate 
change” to the “with climate change” case) is estimated and used to predict future price with climate change. But 
compared to results under the high price scenario, there was not much difference in the economic outcomes. Hence, 
we modified the assumptions. 
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Fig. 15. Net economic impacts under different prices, climate scenarios and crop models and Rep- 
resentative Agricultural Pathways (Sustainable Development Pathway: SDP and Fossil Fuel Driven 
development pathway: FFD). 


and FFD. The exception is the hot/dry scenario under FFD, where net economic 
impacts as a percent of mean net farm returns is relatively modest at 12%. Generally, 
net economic impacts on farmers’ livelihoods were higher under the FFD compared 
to the SDP except for the two dry climate scenarios. The middle and the wet climate 
scenarios under FFD yielded the highest economic impacts on households. 

Under the low price scenario, net economic impact as a percent of mean net 
farm returns was negative with APSIM and varied between —5% and —15%. In 
contrast, only the dry scenarios under DSSAT displayed negative impacts between 
—1% and —27%, mainly because simulated yields under these scenarios recorded 
higher yield losses (Fig. 15). Additionally, the magnitude of yield losses under the 
two dry climate scenarios were more severe under FFD pathway. 


Core Question 4: What are the benefits of climate change adaptations? 


Here, we explore the effect of adaptation packages on reducing climate change 
impact under future agricultural production systems (SDP vs. FFD pathway). 
Adaptation packages involved the use of heat-tolerant crop varieties, as well as 
narrowing of the planting window. The effects of the package on crop yields and 
socio-economic indicators are presented in this section. 


Maize 


Average simulated SDP yields with climate change and without the use of the 
adaptation package ranged from 1523 to 1799 kg ha~! for DSSAT and from 1448 to 
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Table 5. Impact of adaptation strategies on the yields of maize, millet, and peanut 
in Nioro, Senegal under two contrasting RAPs using DSSAT and APSIM. 


; Maize % A Millet % A Peanut % A 
Climate a 
Scenario DSSAT APSIM DSSAT APSIM DSSAT  APSIM 


Sustainable Development Pathway 
Cool/wet 17.8 (17.7) 4.7(4.6) 14.9(14)  11.5(4.7) 4.3.1.5) 0.5 (0.2) 
Cool/dry 14.4 (12.4) 5 (5) 20.7 (30.4) 12 (3.8) 5.7 (2.5) 0.7 (0.2) 
Middle 16.4 (18.2) 4.5(4.2) 16.5(16.6) 11.8 (4.9) 5.2(2.2) 0.8 (0.2) 
Hot/wet 22.8 (28.2) 5.4(5.9) 16.9 (18.4) 12.7 (7.5) 5.4(2.5) 0.6 (0.1) 
Hot/dry 4 (28) 0.1 (5.3) 12.1 (6.3) 8.2 (7.8) 6.2 (3.7) 0.5 (0.1) 


Fossil Fuel Development Pathway 
Cool/wet 14.9 (14.3) 2.8 (2.5) 15.1 (14.1) 12.1 (2.4) 4.7(1.7) 0.4 (0.1) 
Cool/dry 6.6 (12.8) 2.1 (3.6) 17.5 (21.2) 11.6 (3) 5.7(2.4) 0.6 (0.2) 
Middle 10.9 (14.9) 2.6 (2.4) 16.2 (17.7) 12.1 (3.1) 5.7 (2.5) 0.6 (0.2) 
Hot/wet 20.2 (21.3) 3.3 (3.1) 16.2 (17.7) 13(3.9) 5.5(2.3) 0.4 (0.1) 
Hot/dry 7 (20.2) 1.0 (6.0) 18.8 (27.2) 11.7 (3.2) 3.5(1.9) 0.1 (0.1) 


Note: Standard deviation of %A is in parentheses. 


1556 kg ha™! for APSIM across GCMs. Likewise, average simulated FFD pathway 
yields ranged from 1136 to 1997 kg ha~! for DSSAT and from 1537 to 1733 kg ha~! 
for APSIM. The use of adaptation packages resulted in SDP yields ranging from 
1536-2042 kg ha~! using DSSAT and from 1451 to 1630 kgha™! using APSIM. 
Likewise, average simulated FFD, yields ranged from 1199 to 2161 kg ha™! using 
DSSAT and from 1568 to 1779kgha~! using APSIM. These represent average 
increases of 4—23% (DSSAT) and 0-5% (APSIM) under SDP, and 7-20% (DSSAT) 
and 1-3.3% (APSIM) under FFD pathway (Table 5). 


Millet 


Average simulated SDP yields with climate change and without the use of the 
adaptation package ranged from 1038-1216kgha~! for DSSAT and from 1081- 
1154kgha~! for APSIM across GCMs. Likewise, average simulated FFD pathway 
yields with climate change ranged from 961—-1342kgha~! for DSSAT and from 
1223-1404kgha~! for APSIM. 

The use of adaptation packages resulted in SDP yields ranging from 1157- 
1382kgha~! using DSSAT and from 1172-1285kgha~! using APSIM. Likewise, 
average simulated FFD pathway yields ranged from 1104-1532kgha™! using 
DSSAT and from 1365-1573 kgha~! using APSIM. These represent increases of 
12-20% (DSSAT) and 8-13% (APSIM) under SDP, and 15-19% (DSSAT) and 
12-13% (APSIM) under FFD pathway (Table 5). 
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Peanut 


Average simulated SDP yields with climate change and without the use of the adap- 
tation package ranged from 699-1030kg ha~! for DSSAT and from 857-937 kg ha“! 
for APSIM across GCMs. Likewise, average simulated FFD pathway yields with cli- 
mate change ranged from 455—1046kg ha! for DSSAT and from 826-980kg ha™! 
for APSIM. 

The use of adaptation packages resulted in SDP yields ranging from 758- 
1077kgha~! using DSSAT and from 863-942kgha~! using APSIM. Likewise, 
average simulated FFD yields ranged from 474-1102kgha~! using DSSAT and 
from 829-984kgha~! using APSIM. These represent increases of 3-9% (DSSAT) 
and 1% (APSIM) under SDP, and 4-6% (DSSAT) and 0.2-0.6% (APSIM) under 
FFD pathway (Table 5). 

Simulated benefits of the adaptation packages were always higher with DSSAT 
than with APSIM, irrespective of the crop and agriculture development pathway. 
This phenomenon can be attributed to structural differences between the two models 
(Falconnier et al., 2020; Adiku et al., 2015). 


Economic analysis 


In this section, we report on the four outcome variables (adoption rate of adaptation 
packages, change in net farm returns, change in PCI, and change in poverty) (see 
Table 6). 


Adoption rate. There were between 47% and 63% adopters of the adaptation package 
across all climate scenarios, crop models, RAPs, and prices. In both price scenarios, 
adoption rates were higher for the SDP. DSSAT consistently displayed higher adop- 
tion rates across RAPs and prices mainly due to the higher sensitivity of DSSAT 
to the climate change adaptation packages. There were more adopters under low 
prices when we control for RAPs and crop models. This means that more farmers 


Table 6. Economic outcome variables under high and low prices, crop models, and RAPs. 


High Price Low Price 
Crop 2 ee 
Economic Outcome Model SDP FFD SDP FFD 
Adoption rate APSIM 50-53 47-48 58-61 54 
DSSAT 53-57 51-52 60-63 57 
Change in net returns APSIM 15-17 13 29-31 18-19 
DSSAT 16-19 15 30-35 20 
Change in per capitaincome APSIM 10-11 8-9 17-18 9 
DSSAT 11-15 10 17-23 9-10 
Change in poverty APSIM [—16] [—17] [—10] [-17] [-19] [-11] 


DSSAT [—17][—21] [-11][-12] [—18][-26] [-12] 
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tend to adopt the adaptation package when they produce under unfavorable price 
conditions. 


Changes in net farm returns and PCI. Under the high price scenario, changes of 
net farm returns range between 13% and 19% and are quite stable across climate 
scenarios, crop models, and RAPs. Likewise, the low price scenario under FFD 
displayed similar results with changes varying between 18% and 20%. In contrast, 
under the low price scenario and SDP, changes in net returns almost doubled, with 
values between 29% and 35%. Results of the PCI provided similar trend (mean 
net farm returns). We noticed therefore, under the SDP that the adaptation package 
generated higher returns to farmers. 


Changes in poverty. The low price scenario yielded higher decreases in poverty with 
17% to 26% reduction under the SDP and 11% to 12% under the FFD Pathway. Under 
the high price scenario, the two crop models produced almost the same outcome: 
Poverty dropped by 10 to 12 points under the FFD, while it showed a bigger drop 
of 16 to 21 points under SDP. As with the other variables, it is clear that the green 
road (SDP) yields greater outcomes when the adaptation package was applied. 


Conclusions and Next Steps 


AgMIP provides powerful decision support tools for understanding climate change 
impacts and adaptation. We studied the probable changes in climate, crop, economic, 
and livelihood outcomes in smallholder agriculture, as well as adaptation benefits 
by applying the most advanced RIA methods available, based on quantitative multi- 
model simulations informed and verified by multiple stakeholders. 

The study resulted in the following conclusions: 


e Temperatures will increase in the near future by 1 to 3°C across climate scenarios 
and showed potential for either increase or decrease in precipitation. 

Cereal yields will be negatively impacted by climate change with maize being the 
most vulnerable, while millet was less impacted. 

Peanut productions will in the majority of climate scenarios benefit from climate 
change mainly due to CO, fertilization effects on peanuts. 

Except for the hot/dry climate scenario which combines high temperature and 


low rainfall, climate change applied to the current production system in Nioro 
is expected to have positive impact on farmers’ livelihoods mainly because it is 
a peanut-dominated farming system in which generally positive climate change 
impact on peanut offset projected negative impacts on the other crops. 

Intensifying current production systems with increased fertilization and appro- 


priate cultural practices has the potential to significantly increase yields of maize 
and millet in low input systems in Nioro, under current climate. 
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e In the current climate, at least three out of four smallholder households are poten- 
tial adopters of a basic increased fertilizer and improved crop management pack- 
age; if a suitable improved variety is available as a bundled option, this proportion 
increases to four out of five smallholder households. 

e In future production systems, climate change impact on maize and millet will be 
more negative in magnitude than under current production systems, while peanuts 
continue to benefit except for the dry climate scenarios. 

e The positive response of peanuts to climate change along with future socioeco- 
nomic conditions would also have positive impact on Nioro farmers’ livelihoods 
in all cases simulated, under high price scenarios mainly due to the importance 
of peanut in the households. 

e However, under low price scenarios, climate change would have a negative impact 
on Nioro farmers’ livelihoods in most cases, especially under FFD pathway. 

e The use of heat-tolerant cultivars and narrowing planting windows is a potential 
adaptation strategy to nullify the negative effect of climate change on maize and 
millet, while peanut will continue to benefit from this adaptation. 

e In the future, at least one smallholder household out of two will be a potential 
adopter of a basic package of using heat-tolerant crop varieties. 


We need to further engage with higher levels of policy makers and decision 
makers. The goal is to co-design the most desirable outcomes in order to move 
away from business as usual and to address the major obstacles for agricultural 
development in the region (low input use, increased weather variability, high risks, 
and lack of financing). These AgMIP RIA analyses enable us to pinpoint the main 
hurdles that need to be tackled in the changing environment and help define potential 
solutions co-generated with the key stakeholders, such as policy makers, elected 
officials, farmers’ organizations, and NGOs. 
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Introduction 


The changing climate is exacerbating existing vulnerabilities of the poorest people 
who depend on semi-subsistence agriculture for their survival. Sub-Saharan Africa 
(SSA) in particular is predicted to experience considerable negative impacts of 
climate change. The Intergovernmental Panel on Climate Change (IPCC) AR5 
report (2014) emphasizes that adaptation strategies are essential, and these must be 
developed and promoted within the broader economic development policy context. 
Addressing adaptation in the context of small-scale, semi-subsistence agriculture in 
SSA raises special challenges that cannot be addressed adequately by the approaches 
taken thus far in most studies. 

Most of the existing research has focused on impacts of climate change and 
adaptation in the commercial agriculture of industrialized countries. In the relatively 
few studies conducted in SSA, agricultural research has either focused on individual 
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crops, has used aggregated data and models, or used statistical analysis too general 
to be useful for site-specific adaptation strategies. 

One of the important constraints to carrying out this type of research is that 
the data demands are high, because site-specific biophysical, and socio-economic 
data are required, typically obtained from costly multi-year farm-level surveys. The 
development and application of relatively simple and reliable methods for ex ante 
evaluation of adaptation strategies at the household and system levels are needed to 
provide timely assessments of the projected impacts of climate change and feasible 
possibilities for adaptation (Claessens et al., 2012, 2015). 

In this chapter, we describe and apply the regional integrated assessment (RIA) 
methodology developed by the Agricultural Model Inter-comparison and Improve- 
ment Project (AgMIP) (Rusenzweig et al., 2013; Antle et al., 2015). The methodol- 
ogy uses survey, experimental, and modeled data to ex ante assess impacts of climate 
change and adaptation on heterogeneous farm populations for a range of climate 
and socio-economic scenarios. 


Description of Farming Systems Investigated: Kenyan Maize-based 
Systems 


The study area covers a large area of Kenya from the coast through the central 
highlands to the western side of the country where maize is the major staple crop. 
The region is bounded by latitudes 4°70’/S, 1°00’N and longitudes 34°09’E and 
39°60’E and slopes from west to east. There are 14 synoptic weather stations within 
the region covering about 70 villages. Figure 1 shows the study locations and the 
agro-ecological regions within which they fall. Each marker on the figure denotes a 
village and (virtual) weather station. 

The main maize growing season in the region is between March, April, May, 
June, and July (MAMJJ). The rainfall and temperatures across the study sites vary 
considerable during this season. Along the coast (low maize potential zone (MPZ)), 
the average MAMJJ rainfall is generally above 600 mm. The sites in the eastern and 
southeastern semi-arid lowlands (low MPZ) have the lowest average seasonal rain- 
fall, between 200 mm and 400 mm. Most of the sites within the central and western 
highlands, the western transitional, and the western lowlands (medium MPZ) have 
the highest rainfall of between 800mm and 1000 mm, and in some cases, rainfall 
exceeds 1000 mm. In the high MPZ, 500mm to 600 mm is the average rainfall for 
most sites, however, there are some areas that receive more than 800mm. Within 
the rift valley, there are some sites at the marginal rain shadow (medium MPZ) that 
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Fig. 1. Study locations, (virtual) weather stations, and agro-ecological zones in Kenya. 


have a low rainfall of between 300mm and 400mm over the western parts of the 
country. 

The average temperature pattern for Kenya during the MAMJJ season also 
exhibits differences across the country. The coastal region and the southeastern 
parts of the country have the highest average temperatures, above 24°C, followed 
by the western parts and a swath within the southeastern region that borders the 
central areas. The coolest part of the country is within the rift valley where the aver- 
age temperature during the growing season ranges between 15°C and 18°C. The 
central region and the western highlands have an average temperature of between 
18°C and 21°C. 

The farm households in these areas produce a mix of crops (e.g., maize, beans, 
and root and tuber crops) and livestock products (e.g., milk). Farm sizes differ across 


36 L. Claessens et al. 


the regions but are generally small (1—2ha). There is some variation in input use 
across the MPZs; however, the agricultural systems are generally characterized by 
low input use. Households in the low and medium MPZs tend to receive a smaller 
amount of income from maize than households in the high MPZ. Other common 
crops in the maize-based systems are bananas, beans, cowpeas, potatoes, avocados, 
mangos, sweet potatoes, onions, and sukuma wiki (collard greens). These crops 
tend to make up a greater share of income than maize in the medium and low MPZs. 
Moreover, milk net returns provide a substantial amount of income and the poverty 
rates are lower for households with milk sales. 

Average maize yields are close to 3000 kg/ha in the high MPZ, 2500 kg/ha in the 
medium MPZ, and 1300 kg/ha in the low MPZ. The households in the high MPZ tend 
to have a greater share of farmland allocated to maize production (60%-—70%) and 
have higher input use than those in the other MPZs. Almost all these households 
use hybrid seed and, on average, apply more N fertilizer and have higher land 
preparation costs than households in the other MPZs. Hybrid use is also high in the 
medium MPZs and these households use more N fertilizer and manure than those 
in the low MPZs. The area allocated to maize tends to be lower on the farms in the 
medium MPZs compared to the other MPZs. About half of the farms in the low 
MPZs use hybrid maize seed and N fertilizer use is very uncommon. 

Besides cow milk production, farms also produce and sell other livestock prod- 
ucts such as eggs, meat, honey, hides, goat milk, wool, and manure. However, these 
activities tend to make up a small share of income compared to cow milk. The 
average number of cows is between 1 and 2 across all the MPZs. The overall herd 
size (total cattle) is highest in the high MPZ. Ownership of improved breed cattle 
is relatively rare compared to ownership of local and cross breeds. In terms of total 
milk production, the total production and milk yield are highest in the high MPZs 
and lowest in the low MPZs, on average. 


Key Decisions and Stakeholder Interactions 


The East African (Kenya, Tanzania, and Uganda) AgMIP team collated information 
on climate change and adaptation research from different sources (including relevant 
results from AgMIP Phase 1) for sharing with stakeholders at the national and 
sub-national levels. The East African team recognized that the best engagement 
is demand-driven (from the stakeholders). Therefore, the first step taken was to 
document, through desk reviews, the climate-related risks that people face, and 
the types of information and solutions required before engaging in face-to-face 
stakeholder meetings. 

The stakeholders discussed ideas based on guiding questions shared by the 
AgMIP Stakeholder Unit. The Finance Innovation for Climate Change Fund 
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(FICCF) sought more information on options for climate change adaptation in 
Kenya, with a focus on the roles of private sector innovation and investment, cli- 
mate change policy (institutions and regulation), and societal capacity. The Makueni 
County officials sought more scientific information on options for climate change 
adaptation to enhance resilience to changing climate. This stakeholder feedback was 
used to inform the modeling process by the national teams. 

The Climate-Smart Agriculture Component of FICCF engaged with the East 
African team as a follow-up to a national-level AgMIP project presentation dur- 
ing a meeting in April 2016. The FICCF is a component of the Department for 
International Development (DFID) Kenya program Strengthening Adaptation and 
Resilience to Climate Change in Kenya Plus (StARCK-+) which aims to focus its 
resources in (a) catalyzing private sector innovation and investment, (b) climate 
change governance, focusing on stronger policy, institutional, and regulatory 
frameworks, and (c) enhancing capacity of civil society. The FICCF is managed by 
a consortium of Development Alternative Incorporated (DAI), Matrix Development 
Consultants, and the International Institute for Sustainable Development (IISD). 

At the sub-national level, the Makueni County of Kenya, having a population 
of about one million people, was seeking more scientific information (case studies 
and recommendations) on options for climate change adaptation to help its citizens 
develop resilience to the changing climate. They were eager to use research findings 
from previous studies that were relevant to the county, in its operationalization of the 
2013-2017 County Integrated Development Plan. The county passed a law that sets 
aside 1% of its KSh 5 billion annual development budget towards climate change 
adaptation. The County Climate Change Fund (CCCF) regulation passed by the 
Makueni County Assembly was the first of its kind in Kenya and Africa. The DFID 
Kenya Director Ian Mills lauded Makueni for setting the pace for other counties to 
follow. The East Africa AgMIP team held a meeting with Makueni County decision 
makers in February 2016. 


Data and Methods of Study 


This RIA uses data to calibrate and connect climate modeling, crop modeling, and 
economic modeling. The AgMIP modelling framework is applied under various sce- 
narios to examine the intertwined impacts of climate change, socio-economic devel- 
opment, and adaptation on maize-based systems in Kenya. The assessment includes 
the use of multiple future climate scenarios: combinations of two representative 
concentration pathways (RCPs) and five general circulation models (GCMs). Under 
each climate scenario, maize yields are simulated using crop models (Decision Sup- 
port System for Agrotechnology Transfer (DSSAT) and Agricultural Production 
Systems Simulator (APSIM)). Furthermore, both the current and future agricultural 
systems are modeled using crop and economic models. 
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The future systems are developed under two representative agricultural pathways 
(RAPs). The RAPs are meant to account for the impact that development in the 
agricultural sector and future socio-economic conditions are expected to have on 
the agricultural production systems. Each RAP is associated with a shared global 
socio-economic pathway (SSP) and future climate (RCP) for the year 2050. The 
future Kenyan farming systems in each RAP are established based on information 
from literature, local researchers, local stakeholders, and the SSP-RCP narratives. 

The analysis utilized data from a survey of Kenyan farmers representing the 
maize producing regions of Kenya conducted by the Tegemeo Institute (2007) to 
parameterize crop and economic models to represent the current production systems. 
These data were combined with other data from climate projections, expert data, and 
RAPs to parameterize future and adapted systems, using the AgMIP RIA methods 
(AgMIP, 2018). 

The research questions in this study motivate how the impacts of climate change 
and adaptation are analyzed across these scenarios (see Fig. 2). Core Question 
1 examines the sensitivity of current agricultural systems to climate change by 


Yield or Yield or 
value value 


RAPs: 


Price trends, 


time time 


current future current future 


Fig. 2. How the impacts of climate change and adaptation are analyzed across these scenarios — 
The research questions. 

Notes: Q1: What is the sensitivity of current agricultural production systems to climate change? This 
question addresses the isolated impacts of climate changes assuming that the production system does 
not change from its current state. 

Q2: What are the benefits of adaptation in current agricultural systems? This question addresses the 
benefit (e.g., economic and food security resilience) of potential adaption options to current agricultural 
systems given current climate. 

Q3: What is the impact of climate change on future agricultural production systems? Assessment of 
climate impacts on the future production system, which will differ from the current production system 
due to development in the agricultural sector. 

Q4: What are the benefits of climate change adaptations? Assessment of the benefits of potential 
adaptation options in the future production system. 
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modeling how current production systems perform in each future climate sce- 
nario. Core Question 2 analyses the benefits of adaptation in current production 
systems and current climate. The next two core questions focus on the future 
production systems developed under each RAP. The impact of future climate sce- 
narios on future production systems is evaluated in Core Question 3; this ques- 
tion differs from Core Question 1 because the crop and economic models include 
elements from the RAPs to model future agricultural systems. The benefits of 
climate change adaptation in the future are analyzed in Core Question 4. This 
analysis is focused on the impacts of potential adaptation options in future pro- 
duction systems that may offset or capitalize on climate impacts identified in Core 
Question 3. 


Climate 
Historical climate series 


Daily rainfall and maximum and minimum temperatures for the period 1980-2010 
for 14 synoptic weather stations spread out within the maize growing corridor 
were obtained from the Kenya Meteorological Department. The stations used are 
Mombasa, Voi, Kambi ya Mawe, Thika, Dagoretti, Embu, Nakuru, Narok, Kisii, 
Kakamega, Kericho, Eldoret, Kitale, and Kisumu. The data were subjected to qual- 
ity control using the R-Climdex and Tamet tools to flag spurious values. Rainfall 
values exceeding the mean by more than three standard deviations were inspected 
and were only included upon confirmation from the actual observation files. Season 
discontinuities in both maximum and minimum temperatures beyond 10 degrees 
were omitted. The minimum acceptable daily temperature range was set at 3°C. The 
missing data for the whole period (1980-2010) was less than 10% for each of the 
variables. 

Bias-corrected Modern-Era Retrospective Analysis for Research and Applica- 
tions (MERRA) datasets were used to fill the missing values and to replace the 
spurious ones. The bias correction was achieved by calculating a correction factor 
between each variable of the MERRA data and the corresponding observations for 
every month for each station and employing the factor on the MERRA data to esti- 
mate the missing values. For temperature, the bias was the difference between the 
MERRA values and the observations while that of rainfall was the ratio between the 
two datasets. 

Solar radiation, vapour pressure, relative humidity dew point temperature, and 
wind speed values were obtained directly from the MERRA datasets. Each of the 
70 village locations was assigned to the most representative weather station by 
taking into consideration the climatic zone, geographic distance, and elevation. The 
climate series of each of the crop modeling locations was estimated from the weather 
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stations using differences in monthly climatology from the Worldclim datasets using 
the farm climate routines (AgMIP RIA Protocols). 


Baseline climate 


The villages have diverse climates owing to their geographical positions relative 
to the circulation altering orographic features, such as the Great Rift Valley, the 
mountains, the ocean, and inland lakes. The western parts have tri-modal seasonal 
rainfall distribution, i.e., March April May (MAM), June July August September 
(JJAS), and October November December (OND), but the central and the eastern 
parts have bi-modal distribution (MAM and OND). For the western and central 
areas, the MAM season is more significant but OND is the more important season 
for the eastern sector. Along the coast, the rainfall peaks in May. The growing season 
that was investigated is the March April May June July (MAMJJ). Along the coast 
(where the MSO1 and MS03—MS0S sites are located), the average MAMJJ rainfall 
is above 600mm. Site MS02 is much further inland and drier (400-600 mm). 

The eastern and southeastern lowlands (VI, TK, and MA sites) have the lowest 
average seasonal rainfall of between 200 mm and 400 mm. Most of the sites within 
the central and western highlands, the western transitional, and as the western low- 
lands (MB, GT, KG, and KS) have the highest rainfall of between 800mm and 
1000 mm and a few receive more than 1000 mm. The average rainfall for some of 
the high MPZs (NK and LDO1-04) is between 500 mm to 600 mm except the KS sites 
that have above 800 mm. Within the rift valley there are some sites at the marginal 
rain shadow (NKO5-09) that have a lower rainfall of between 300mm and 400 mm 
over the western parts of the country (Fig. 3). 

A summary of the average temperature and precipitation for the region during 
the baseline period is provided in Table 1. 


Selection of representative GCMs and generation of future GCM scenarios 


In order to capture the whole range of plausible future scenarios for the region, 
downscaled scenarios from all the 29 CIMP5 models were generated using the 
run_agmip_simple_mandv (AgMIP Climate Scenario Guide) script to simulate both 
the mean and variability of future climates. Plots of temperature and precipitation 
changes for each of the 14 weather stations were made for the main growing season 
(MAMSJJ) for RCPs 4.5 and 8.5 for the mid-century period. Deviations of each of 
the models from the median changes were used to categorize them as either cool 
and wet, cool and dry, hot and wet, hot and dry, or average. The five categories are 
illustrated in the five quadrants in Fig. 4 for two of the stations under RCP 8.5. 

A comparison of the plots from all the 14 weather stations was made in order 
to determine the particular models that were consistent within the same categories 
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Fig. 3. The average MAMJJ rainfall for the region. 


Table 1. Mean temperature and precipitation for the weather stations from 1980 to 2010. 


Mean GS Total GS Total GS 


Station Crop Growing Temperature Precipitation Rainy Days 
Site Used Type Species Months (C) (mm) (#) 
Dagoretti GTO1 Baseline Maize MAMJJ 15.6 517.7 54 
Kakamega KGO1 Baseline Maize MAMJJ 21.9 528.3 99 
Kisii KSO1 Baseline Maize MAMJJ 21.8 1392.6 98 
Eldoret LDO! Baseline Maize MAMJJ 19.3 437.4 71 
Kambi Mawe MAOI Baseline Maize MAMJJ 22.1 399.9 22 
Embu MBO! Baseline Maize MAMJJ 18.6 1168.4 67 
Mombasa MSO! Baseline Maize MAMJJ 26.2 635.3 70 
Nakuru NKO1 Baseline Maize MAMJJ 22.2 504.9 76 
Kericho RCO! Baseline Maize MAMJJ 20.1 952.4 100 
Narok ROO! Baseline Maize MAMJJ 16.8 352.3 38 
Kisumu SUOI Baseline Maize MAMSJJ 23.5 573 72 
Thika TKO! Baseline Maize MAMJJ 19.7 366.3 55 
Kitale TLO1 Baseline Maize MAMJJ 25 452.2 89 
Voi VIOI Baseline Maize MAMJJ 23.3 183.3 25 


throughout the region for each of the RCPs. For both RCPs 4.5 and 8.5, the following 
models were found to be consistently cool/wet, average, hot/wet, and hot/dry respec- 
tively: CESM1-BGC, MPI-ESM-LR, IPSL-CMSA-MR, and CMCC-CMS. For the 
cool/dry scenario, inmcm4 was more consistent under RCP 4.5 and FGOALS-g2 
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Fig. 4. A plot of deviation from the median changes of the CMIP5 GCMs for the mid-century RCP 
8.5 for (a) Dagoretti and (b) Embu. 


for RCP 8.5. Scenarios from these GCMs were downscaled for all the 70 integrated 
assessment locations and were used as inputs for the crop models. Figure 5 shows 
three examples of rainfall and temperature projections for the five models. Table 2 
provides a summary of the projected changes for the broad areas represented by the 
14 weather stations. All changes are relative to the baseline mean values. 

All the models predict a warmer future compared to the current climate. In 
addition, the future scenarios are warmer under RCP 8.5 than RCP 4.5. Across the 
region, the GCMs project a minimum temperature change of 0.6°C and a maximum 
change of 2.5°C with RCP 4.5 during the mid-century period. Under RCP 8.5, the 
range of temperature change is projected between 1.1°C and 3.4°C. The projected 
increase in temperature is lowest at the coast and increases westward and is therefore 
highest at the sites near the Kenya—Uganda border. Under the RCP 4.5 scenario, the 
change in precipitation is projected to be between —19% and 35%. The change in 
precipitation under RCP 8.5 is 35% in the wettest scenario and —25% in the driest 
scenario. 


Crops 
Crop model set-up 


For the main season crop modeled (planting in April, harvest in late summer), 
substantial variations in sowing dates and N fertilizer applications were observed 
among the survey farms. The sowing window mostly ranged between the first and 
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(a) RCP4.5 Mid-Century Temperature Scenarios for Five GCMs (Dagoretti) 
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(c) RCP4.5 Mid-Century Temperature Scenarios for Five GCMs (Mombasa) 
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Fig. 5. Rainfall and temperature projections for the five climate models for RCP 4.5 for (a) Dagoretti, 
(b) Kitale, and (c) Mombasa. 


Site 


Dagoretti 
Kakamega 
Kisii 
Eldoret 
Kambi ya Mawe 
Embu 
Mombasa 
Nakuru 
Kericho 
Narok 
Kisumu 
Thika 
Kitale 

Voi 


Table 2. Summary of projected changes for the 14 stations used. 


Crop 


Maize (MAMJJ) 
Maize (MAMJJ) 
Maize (MAMJJ) 
Maize (MAMJJ) 
Maize (MAMJJ) 
Maize (MAMJJ) 
Maize (MAMJJ) 
Maize (MAMJJ) 
Maize (MAMJJ) 
Maize (MAMJJ) 
Maize (MAMJJ) 
Maize (MAMJJ) 
Maize (MAMJJ) 
Maize (MAMJJ) 


Historical 
(°C) 


15.6 
21.9 
21.8 
19.3 
22.1 
18.6 
26.2 
22.2 
20.1 
16.8 
23.5 
19.7 
25.0 
23.3 


RCP4.5 
Coolest 


AT (°C) 


0.9 
0.9 
0.9 
0.9 
0.8 
0.9 
0.6 
0.9 
0.9 
0.9 
0.9 
0.9 
0.9 
0.8 


RCP8.5 
Warmest 
AT (°C) 


3.2 
3.4 
3.2 
3.4 
3.0 
3.0 
2.3 
3.2 
3.4 
3.2 
3.2 
3.0 
3.4 
2.8 


Historical RCP8.5 
Precipitation Driest AP 
(mm) (%) 

517.7 —24.6 
528.3 —13.2 
1392.6 —22.4 
437.4 —13.3 
399.9 —13.8 
1168.4 —24.6 
635.3 —18.9 
504.9 —24.6 
952.4 —13.3 
352.3 —22.4 
573.0 —22.4 
366.3 —24.6 
452.2 —13.3 

183.3 —14.4 


RCP4.5 
Wettest AP 
(%) 


24 

33,1 
30.7 
35.1 
35.1 
19.9 
25.6 
30.7 
35.2 
30.7 
30.7 
14.8 
35.3 
25.1 
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third week of April. Variation in N fertilizer application was also observed and 
ranged between ON kg/ha and 80N kg/ha. Crop management parameters used in 
setting simulations for individual farms were derived from the survey conducted 
during 2007-2008. The survey was designed to capture, among other things, culti- 
vars used, planting date, amount of seed used, fertilizer and manure applied during 
the 2007 crop season, and harvested yield. Farmers in the region used a large number 
of crop varieties, and for many of these varieties, the required data to derive model 
parameters are not available. In these cases, a similar cultivar was used to param- 
eterize the crop models. The identification of this cultivar was based on its growth 
duration and yield potential. The Katumani cultivar was used as local variety. 

Soil data were collected from soil survey reports and major soil formations in 
the target region were identified using available soil maps (AfSIS/ISRIC). Repre- 
sentative soil profiles for Kenya for each of the major soil types were then identified 
from the soil survey reports. Other soil data required as inputs to crop models were 
derived from the Global High-Resolution Soil Profile Database for Crop Modeling 
Applications (IRI, MSU, and IFPRI, 2015). 

Simulations used the amount of seed reported by farmers, combined with 
secondary data to estimate the plant population at sowing. Previous studies in 
the region have indicated that the plant population on farmer fields varied from 
about 20,000 plants/ha to 60,000 plants/ha depending on the potential of the area 
to grow maize and the inputs used. Accordingly, a plant population of 20,000- 
30,000 plants/ha was assigned to farmers using seed rates lower than 15kg/ha, 
40,000 plants/ha for those using seed rates of 15—20kg/ha, and 50,000-60,000 
plants/ha for those using more than 20 kg/ha of seed rates. 

The DSSAT and APSIM crop models were calibrated and used to simulate yields 
for each farm with observed crop variety and fertilizer applications. Yields in the low 
productivity zone were about 40%-60% lower than in the medium and high zones 
(Table 3). The average simulated yields tended to be lower than the observed yields 
in the low productivity zones, with DSSAT under-predicting more than APSIM. 
Simulations were more similar in the medium and higher productivity zones. 


Model sensitivity response to CO2, temperature, rainfall, and N fertilization 


Maize sensitivity to CO2, temperature, rainfall, and N fertilization (CTWN) in Kenya 
was evaluated separately for each of the MPZs (Fig. 6). In the high MPZ, DSSAT 
maize showed a modest response to CO2, but APSIM showed almost no response 
to CO», with neither result surprising for maize, a C4 crop. The maize response to 
N fertilization in the high MPZ starts out similarly for both DSSAT and APSIM, 
indicating that stable carbon pools were calibrated well for both models. However, 
the overall higher yield of DSSAT over APSIM at high N levels shows differences in 
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Table 3. Observed and simulated average yields for survey 
fields (CMO) and baseline climate per farm (averaged yield 
over 30 weather years, CM1). 


APSIM DSSAT 
Strata Observed CM0 CM1 CMO CM1 
Low 1287 1170 1109 859 842 
Low-milk 1340 1194 1151 943 918 
Medium 2373 2197 2099 2014 1889 
Medium-milk 2729 2352 2270 2162 2072 
High 2740 2812 2638 2358 2246 


High-milk 3136 3263 3019 2911 2788 


calibration of genetic coefficients for high yield potential. Maize response to rainfall 
for both the crop models indicates that the rainfall is generally quite adequate, with 
yield being only slightly improved at 125% rainfall, in the high MPZ. While yield is 
very low for both models at 25% rainfall (as expected), APSIM and DSSAT differ 
in response to rainfall at 50% to 75% of normal rainfall. In terms of temperature, 
APSIM and DSSAT show different response patterns, particularly in the high MPZ. 
These responses are associated with different parameterizations of the temperature 
parameters for rate of grain growth. The parameterization differences are the pri- 
mary reasons for APSIM being more sensitive to lower temperatures during grain 
filling and DSSAT being more sensitive at higher temperatures. Another factor is 
the different temperature parameterization for soil organic C mineralization in the 
two models. 

For the medium MPZs and under high N fertilization, DSS AT showed a modest 
response to rising CO2, but APSIM showed no response. Under low N fertilization 
neither model showed response to CO7, again not surprising for a C4 crop. The 
overall higher yield for DSSAT than for APSIM reflects different calibration of 
genetic coefficients for the two models. DSSAT shows higher yield response to N 
than above APSIM at nearly all N fertilizer levels. Simulated response to rainfall for 
the medium MPZs suggests that rainfall at ambient average is not limiting yield in 
this region, and that higher rainfall can cause reduction in yield because of leaching 
of N from the soil. At less than average ambient rainfall, yield can be limited. 

The medium potential site shows similarly strong differences in temperature 
response between the crop models as shown at the high potential site. The small 
shift in the pattern is probably related to the fact that the medium potential site is 
somewhat warmer than the high potential site, with rising temperature decreasing 
maize yield of DSSAT (which has highest yield at ambient) and increasing yield 
of APSIM up to +2°C. These differential responses are associated with different 
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Fig. 6. Model sensitivity response to CTWN for high, medium, and low 
(MPZs). The APSIM and DSSAT models show substantially different responses to CO2, N fertilizer, 


and temperature across all the zones. 


Maize Potential Zones 
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parameterization of the two maize models, with major differences in the tempera- 
ture parameters for rate of grain growth and minor differences in the temperature 
parameterization for radiation use efficiency (RUE). 

We conclude that the models differ substantially in response to CO2, temperature, 
and N fertilization. This case illustrates the need for a larger multi-model ensemble 
to address the apparent large uncertainty in maize yield response to climate changes 
and adaptations involving management changes such as increased N use. However, 
due to implementation challenges for APSIM at this large number of sites, it was 
not possible to resolve these differences. In addition, other computational problems 
were encountered at some sites where zero or low N applications were observed. 
Comparisons of these results to others in the literature led the research team to 
conclude that the DSSAT results were likely to be more reliable at the time the 
RIA economic analyses had to be implemented, so only the DSSAT results were 
used. However, these results for the crop model simulations emphasize the need for 
caution in interpreting the simulated outcomes. 


Economics 


The Trade-off Analysis Model for Multi-Dimensional Impact Assessment (TOA- 
MD) model is used for the economic modeling in this study. This model estimates 
the distribution of economic impacts of climate change and technology adoption 
(Antle, 2011). For Core Questions | and 3, climate change impacts are estimated by 
comparing the distribution of farm net returns under current climate to the distribu- 
tion of farm net returns under future climate. The model estimates the percentage 
of households vulnerable to climate change (i.e., the percentage of households with 
lower farm net returns in future climate), net impact on mean farm net returns, 
change in per capita income, and change in poverty rate. 

For Core Questions 2 and 4, the impacts of adaptation and the adoption rate are 
estimated by comparing the distribution of farm net returns without adaptation to the 
distribution with adaptation. At the predicted adoption rate, the changes in farm net 
returns, per capita income, and poverty are also quantified by the TOA-MD model. 
Additionally, this model allows for examination of sub-populations of farms and the 
aggregate population. In this assessment, farms are stratified based on their maize 
agroecology (high, medium, and low potential) and whether or not they sell milk. 
The economic impacts of climate change and adaptation are estimated for each of 
the resulting six strata. 

Each Core Question requires the parameterization of farm net returns for two 
systems, following the AgMIP methods developed for RIAs (AgMIP, 2018). In Core 
Questions 1 and 2, the current production system under the current climate is param- 
eterized using statistics from the household survey data. For Core Question 1, the 
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current production system under future climate is parameterized using crop model 
results based on current management and future climate scenarios. These crop model 
results are used in conjunction with the AgMIP relative yield method to calculate 
the distribution of farm net returns. Similarly, for Core Question 2, the crop model 
is used to estimate the impact of adaptation on maize net returns. This question also 
requires the parameterization of changes in milk production, which are not modeled 
explicitly. These changes are parameterized using literature and information from 
the survey data. 

Core Questions 3 and 4 require the farm net return distributions for the future 
farming systems of Kenya. The current production systems are scaled into the future 
using trends for key variables (e.g., prices, yields, and costs) based on the RAP 
narratives and global economic model predictions from literature. These trends 
are applied to all farms in the data. The result provides an approximation of the 
distribution of farm net returns under each RAP without climate change. Using 
crop model simulations based on future management, the impact of climate change 
on yields is predicted by simulating maize under current and future climate. The 
relative yield method is applied, using the crop model results, to parameterize the 
farm net return distribution with climate change. These distributions on future farm 
net returns with and without climate change are used in the Core Question 3 analysis. 
For Core Question 4, the crop model is used to estimate the impact of adaptation 
on future maize net returns for each climate scenario. Like Core Question 2, this 
question parameterizes changes in milk production using literature and information 
in the data; however, this analysis differs from Core Question 2 because it also 
incorporates RAP-specific trends. 


Description of survey data 


Table 4 shows summary statistics of the survey data across strata. The income 
and net returns are shown in 2007 values and the poverty rates are calculated 
based on a US$1.25/person/day poverty line using the 2007 exchange rate between 
KSh and US$ (Central Bank of Kenya, 2017). In this case, the exchange rate is 
67.47 KSh/US$ and the poverty line is 2565.14 KSh person/month.' The 2007 val- 
ues are used as these were judged to best represent the base period for the climate 
impact assessments from the available data. 


!The TOA-MD model predicts a poverty rate of 54.2% aggregated across all strata using this poverty line (not 
shown in Table 4). In an assessment of poverty and inequality in Kenya, a World Bank (2009) study calculated a 
tural poverty line of 1562.18 KSh/adult equivalent/month based on the costs of 2250 calories per day and basic 
non-food necessities, and the rural headcount poverty in 2007 Kenya is reported as 38%. For the AGMIP RIA 
of maize-based systems in Kenya, the TOA-MD model predicts the aggregate poverty rate is 33.7% using the 
World Bank poverty line. The poverty line used in this study can be considered as an income level that exceeds 
subsistence. 
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Table 4. Summary statistics of farm survey data, Kenya. 


Low- Medium- High- 
Strata Low milk Medium milk High milk 
# Observations 165 73 142 259 65 170 
HH size 5.0 4.8 4.8 4.5 5.8 5.5 
Farm Size (ha) 1.6 2.1 1.1 1:3 {1:2 1.9 
Off-farm income (KSh) 70,216 87,125 44,749 63,343 49,118 76,464 
Maize net returns (KSh) 6246 7497 5433 5893 18,511 28,613 
Other crop net returns (KSh) 14,648 23,550 36,072 53,032 9658 20,632 
Milk net returns (KSh) — 15,199 — 14,143 — 19,315 
Non-dairy net returns (KSh) 1104 3135 2054 1940 3575 3803 
Poverty without CC* (%) 65.5 46.4 67.7 39.3 80.1 47.9 
Maize Yield (kg/ha) 1287.3 1340.4 2373.4 2728.7 2739.8 3136.3 
Maize area proportion 0.4 0.4 0.3 0.3 0.7 0.6 
Maize area (ha) 0.7 0.8 0.3 0.3 0.8 1.2 
Proportion using hybrid 0.34 0.47 0.74 0.85 0.85 0.95 
Seed cost (KSh/ha) 244.4 286.1 1086.4 1354.1 1318.3 1291.7 
N fertilizer (kg/ha) 1.6 4.0 19.2 22.8 26.2 29.3 
Manure (kg/ha) 600.3 1512.7 1492.9 3636.5 151.1 236.2 
Land prep cost (KSh/ha) 1797.3 1384.7 1503.7 2033.2 2779.3 3243.8 
Maize price (KSh/kg) 11.9 123 11.8 11.4 10.8 10.8 
Cows — 1.4 — 1:3 — 1.8 
Total herd (cattle) — 3.9 — 3.0 — 6.6 
Grade herd (cattle) — 0.1 — 0.5 — 0.4 
Cross herd (cattle) — 1.0 — 1.6 — 4.6 
Milk production (lt/farm) — 975.11 — 1949.90 — 2971.36 
Milk per cow (lt) — 819.00 — 1564.33 — 1704.81 
Feed cost per animal (KSh) — 289.04 — 2162.81 — 832.19 


Milk price (KSh/Lt) — 27.44 — 18.38 — 16.12 


Note: *Estimated with TOA-MD. 
Source: Tegemeo (2007) farm survey data. 


Farm sizes differ across the strata but are generally small. Households in the low 
and medium MPZs tend to receive a smaller amount of income from maize than 
households in the high MPZ. The RIA analysis of Kenyan maize-based systems 
aggregates all crops other than maize into the other crops activity. Within the sample, 
the most common crops in this activity are bananas, beans, cowpeas, potatoes, 
avocados, mangos, sweet potatoes, onions, and sukuma wiki. Table 4 shows that 
other crops tend to make up a greater share of income than maize in the medium 
and low MPZs. Moreover, milk net returns provide a substantial amount of income 
and poverty rates are lower in the strata with milk sales. These statistics indicate 
that households are generally diversified across the maize-based systems in Kenya. 

The households in the high MPZ tend to have a greater amount of area allo- 
cated to maize production and have higher input use than those in the other 
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MPZs. Specifically, almost all of these households use hybrid seed and, on aver- 
age, these households apply more N fertilizer and have higher land prepara- 
tion costs than households in the other MPZs. Hybrid use is also high in the 
medium MPZs and these households use more N fertilizer and manure than 
those in the low MPZs. In fact, they use more manure than households in the 
high MPZs, too. The area allocated to maize tends to be lower on the farms 
in the medium MPZs compared to the other MPZs. Looking to the low MPZs, 
less than half the households use hybrid maize seed and N fertilizer use is very 
uncommon. 

Households also produce several livestock products. Milk is produced and sold 
by households in each MPZ. Moreover, households sell eggs, honey, hides, goat milk, 
wool, and manure as well. The latter are characterized as non-dairy activities. This 
analysis focuses on milk production due to the size of its contribution to household 
income. Table 4 shows information on household herds and milk production across 
the milk strata. The average number of cows is between 1 and 2 across the strata. 
The overall herd size (total cattle) is highest in the high MPZ. The average number 
of grade (improved) breed cattle is less than 1; meanwhile, ownership of crossbreeds 
is much higher, as each of the MPZs has an average value above 1 animal and the 
high MPZ has an average of 4.6. All other animals in the herd are local breeds. In 
terms of total milk production, the total production and the milk yield are highest in 
the high MPZ and lowest in the medium and low MPZs, on average. The feed cost 
per animal is highest in the medium MPZs followed by the high and low MPZs, 
respectively. This value only accounts for purchased feed and does not represent 
grazing or own-produced feed. 


Representative Agricultural Pathways (RAPs) 


RAPs are used to characterize future agricultural systems in the AgMIP methods 
for RIAs (AgMIP, 2018). Valdivia et al. (2015) identify five RAPs that span a 
two-dimensional space between economic and environmental dimensions of sus- 
tainability. Each RAP is associated with a different shared SSP and plausible level 
of emissions for the year 2050 (O’ Neill et al., 2015; Valdivia et al., 2015). 

In this analysis, two RAPs are used to study future maize-based systems in Kenya. 
The first RAP is referred to as RAP 4 and is associated with RCP 4.5 and SSP1. 
The SSP1 is characterized by inclusive global development that emphasizes human 
well-being and environmental awareness at the expense of faster long-run economic 
growth. In this pathway, there is large investment in environmental technologies, 
resource and energy efficiency, and improvement in environmental conditions. Due 
to these characteristics, this sustainability pathway presents low challenges to cli- 
mate change mitigation and adaptation. 
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The second RAP developed in this study, RAP 5, represents a future with high 
emissions (RCP 8.5) and unsustainable high growth that comes at the expense of the 
environment (SSP3). International fragmentation and competition between nations 
are key elements of this SSP. Poor international collaboration leads countries to 
focus on national concerns, leading to trade barriers and favorable policies for 
local resources and agricultural markets. Resource degradation increases over time 
because environmental issues are not a priority for international policy. Moreover, 
dependence on fossil fuels continues and there is lack of investment in energy and 
resource efficiency, culminating in poor progress towards sustainability and high 
challenges to both mitigation and adaptation. 

RAPSs 4 and 5 are developed based on these RCPs and SSPs to characterize future 
pathways for farmers in Kenya. RAP 4 represents “Safi Kenya” (the Greener Kenya) 
and RAP 5 represents “Jua Kali Kenya” (Haphazard Kenya). 


RAP 4: Safi Kenya — The Greener Kenya 


Under RAP 4, Kenya has implemented, with relative success, Vision 2030 focusing 
on meeting the Millennium Development Goals and the Sustainable Development 
Goals (MDGs and SDGs). Increased investment in technologies that are environ- 
mentally friendly has helped the country achieve a sustainable pathway. However, 
economic growth has slowed as the main investments are focused on public ser- 
vices, such as health, education, and clean energy. Policy changes and infrastructure 
improvements facilitate the development of markets and availability of agricul- 
tural inputs, leading to higher farm incomes. Farms become more diversified and 
less dependent on maize; there is increased crop-livestock integration and off-farm 
income. Moreover, household sizes are smaller, while farm sizes are larger. 

In the agro-ecological zones that have the highest potential for maize produc- 
tion (high and medium MPZs), maize yields increase as a result of increased use 
of mineral fertilizers, manure (produced on farm), and improved maize varieties. 
Productivity is also improved by extension, education, and information available to 
farmers. These changes are accompanied by decreases in fertilizer prices, increases 
in seed prices, increases in labour wages, and increases in mechanization costs. 
There are also a number of changes in livestock production due to government 
investment in infrastructure for the livestock and dairy sectors. Households increase 
their herd sizes (including more improved breeds) and implement improved man- 
agement practices, such as using more concentrates for feed. This leads to higher 
milk yields and higher production costs. Moreover, due to market development, milk 
prices increase. 

The areas of Kenya that have low agro-ecological potential for maize experience 
different changes in RAP 4. The milk-selling farms decrease their reliance on maize 
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and focus more on milk production. The proportion of land area currently allocated to 
maize is decreased in order to increase the area of Napier grass and pastures. On the 
remaining maize land, these households institute similar improved management 
practices as those discussed above. 


RAP 5: Jua Kali Kenya — Haphazard Kenya 


Kenya follows a more positive economic development trajectory in RAP 5 than in 
RAP 4. Proposed agricultural interventions and policies outlined in Vision 2030 
have not been fully implemented. The government has an aggressive policy to pro- 
mote the industry and services sectors and there is low investment in sustainable 
agricultural policies. Import barriers are in place and lead to increases in prices of 
imported goods, including mineral fertilizer. Low investment in health and educa- 
tion contributes to an increase in inequality. High population growth increases the 
pressure on agricultural land with the consequences of unsustainable agricultural 
intensification and negative environmental effects. Moreover, farms become smaller 
in some areas while consolidation occurs in other areas. 

In the high and medium MPZs, farms increase their proportion of maize area 
compared to the current systems. Maize yields increase due to similar management 
improvements as in RAP 4, except production occurs with more adverse environ- 
mental outcomes. For example, farms use less organic fertilizer and less soil conser- 
vation techniques compared to RAP 4, which results in soil degradation. Similar to 
farm size, average herd sizes do not change compared to current systems, but there is 
increased variation as some farms increase their herds, while others decrease. Milk 
yields improve due to improved management and breeding, which leads to increased 
production costs as well. Moreover, milk price increases for similar reasons as in 
RAP 4, but to a lesser extent. There is a lower degree of crop—livestock integration 
than in RAP 4, as well. Households do not use the outputs from livestock activities 
(e.g., manure) as productive inputs in crop activities (and vice versa) to the same 
extent as in RAP 4. 

In the areas with low maize potential, milk-selling farms allocate land to Napier 
grass and pastures, but to a lesser degree than in RAP 4. Maize production systems 
and milk production systems are similar to RAP 4 but with increased soil degrada- 
tion and less crop—livestock integration, resulting in lower manure use. In addition, 
milk prices do not increase to the same degree as in RAP 4 due to lower market 
development. 


Potential adaptation packages 


In Core Question 2, which is analyzed in the context of current agricultural systems, 
a technological intervention is designed to increase maize yields across all MPZs 
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in Kenya. In each MPZ, N fertilizer and manure use are increased. A policy inter- 
vention is required to incentivize increased usage of fertilizer. This intervention is 
represented by a subsidy that lowers the prices farmers pay for commercial fertiliz- 
ers DAP and CAN by 25%. Access to fertilizers is also improved due to investment 
in infrastructure and lowering transactions costs associated with participating in 
fertilizer markets. The technological intervention also includes the basic elements 
of the East Africa Dairy Development (EADD) project that includes donating one 
improved breed milking cow to every farm (EADD 2013, 2014). Technical assis- 
tance programs are put in place to improve feeding strategies for milking cows as 
well. These improved strategies are instituted for all the cows on each farm (pre- 
existing and new). Additionally, the manure application is increased by 1000 kg/ha 
as aresult of all farms receiving an additional cow. This is based on the approximate 
amount of manure produced by a cow each month (Valdivia, 2016). 

The Core Question 4 technological intervention for Kenya is consistent with 
that of Core Question 2; however, it is tailored to the future maize-based systems 
in a world with climate change. The goals of the intervention are to offset negative 
climate impacts on maize yields and capitalize on the profitability of milk production. 
Similar to Core Question 3, this analysis is undertaken for future RAPs and their 
associated climate scenarios. 

In both RAPs, there are future scenarios where average maize net returns are 
predicted to decrease as a result of climate change across Kenya. These negative 
economic impacts are the result of decreases in maize yields caused by climate 
change. As such, the technological intervention aims to increase maize yields in 
future climate scenarios by increasing fertilizer application on each farm. In terms of 
milk production, the Core Question 2 analysis indicates that adding improved breed 
cows may substantially increase milk net returns in current production systems. To 
implement a similar intervention in future production systems, each farm is provided 
with multiple improved breed cows. With the increase in herd size, farms also apply 
more manure with the intervention. The only difference between the interventions 
in RAP 4 and RAP 5 is related to soil improvement. In RAP 5, soil quality is lower 
than in the current period and, as a result, the intervention includes soil improvement 
practices that restore soil to its current (2007) quality. 


Integrated Assessment Results 
Core Question 1 
Crop simulation results 


Table 5 shows how the average simulated yields for the current period compare to 
the observed yields in 2007, based on the DSSAT model. The CMO (baseline) 
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Table 5. Current period simulated yield results, DSSAT. 


CM0 CM1 

Observed Simulated R- Simulated R- 
Strata Yield Yield Correlation squared Yield Correlation squared 
Low 1287 859 0.74 0.55 842 0.69 0.48 
Low-milk 1340 943 0.68 0.47 918 0.74 0.54 
Medium 2373 2014 0.77 0.60 1889 0.76 0.58 
Medium-milk 2729 2162 0.65 0.42 2072 0.68 0.47 
High 2740 2358 0.68 0.46 2246 0.64 0.41 


High-milk 3136 2911 0.75 0.56 2788 0.73 0:53 


Note: All yield values are shown in kg/ha. 


yields are simulated for 2007 only and the CM1 (current climate) yields are 
the average simulated yields from 1980-2009. The crop model’s average predic- 
tions are highest in the high MPZ and lowest in the low MPZ, similar to the 
observed yields. The average predictions are consistently lower than the observed 
values. The ratio of CM1/CMO remains close to 1, showing that the 30-year sim- 
ulation does a reasonably good job of predicting the 2007 result for all MPZs, 
despite the offset from observed values. Table 5 also shows the correlation between 
these simulated yields and the observed yields, as well as the R-squared val- 
ues resulting from a regression of the simulated yields on the observed yields. 
The correlation coefficients are around 0.70 and are similar across the strata. 
The R-squared values are likewise similar across the strata and these values are 
around 0.50. 

Table 6 shows statistics on the DSSAT relative yields for each MPZ under the 
RCP 4.5 scenario. The relative yield is the ratio of the maize yield under the future 
climate (CM2) compared to the maize yield under the current climate (CM1), for a 
given farm. Both the CM1 and CM2 yields are 30-year averages from the crop model 
simulations. A relative yield of 1 indicates no climate impact on yield and a value 
below (above) 1 indicates a negative (positive) climate impact. In both CM1 and 
CM2, the simulations are performed under current farm management (e.g., hybrid 
use, fertilizer use). 

The relative yields in Table 6 indicate a negative average impact on yields in the 
low MPZ. The lowest average relative yield is 0.89 occurring in the middle GCM 
and the highest relative yield is 0.98 in the cool/wet GCM. The average relative 
yields are also less than 1 for all GCMs in the medium MPZs. The average relative 
yields vary between 0.84 in the hot/wet GCM and 0.95 in the cool/dry GCM. The 
high MPZ is the only MPZ with an average relative yield above 1 for any of the 
GCMs. The cool/wet GCM leads to an average relative yield of 1.01 in this MPZ, 
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Table 6. DSSAT relative yields by Maize Potential Zones (MPZs), RCP 4.5. 


Low Potential Medium Potential High Potential 


GCM ee ee, a S 
Characterization Mean CV(%) Mean CV(%) Mean CV(%) 
Cool/wet 0.98 9.4 0.91 5.9 1.01 9.7 
Cool/dry 0.95 S 0.95 4.2 0.96 8.6 
Middle 0.89 6.5 0.93 11.2 0.85 20.4 
Hot/wet 0.90 16.2 0.84 13.2 0.95 15.5 
Hot/dry 0.89 8.6 0.89 7.7 0.86 17.9 


Table 7. DSSAT relative yields by Maize Potential Zones (MPZs), RCP 8.5. 


Low Potential Medium Potential High Potential 


GCM DTAS , 5 
Characterization Mean CV(%) Mean CV(%) Mean CV(%) 
Cool/wet 0.94 11.3 0.88 7.8 0.97 12.1 
Cool/dry 0.92 8.2 0.93 6.2 0.96 10.0 
Middle 0.91 8.5 0.89 7.9 0.87 17.0 
Hot/wet 0.89 15.6 0.79 11.2 0.90 17.4 


Hot/dry 0.86 8.3 0.84 12.6 0.76 24.3 


meanwhile, the lowest relative yield is 0.85 and occurs in the middle GCM, with 
the hot/dry GCM also exhibiting low relative yield (0.86). 

Table 7 shows the DSSAT relative yields for each GCM under the RCP 8.5 
scenario. In general, the DSSAT crop model predicts a negative climate impact 
across the various GCMs and MPZs. In the low MPZ, the average relative yields 
range from 0.86 to 0.94 across the five GCMs. The highest average value occurs 
in the cool/wet GCM and the lowest average value occurs in the hot/dry GCM. 
The average relative yields vary between 0.79 and 0.93 across the five GCMs in 
the medium MPZ. The highest value occurs in the cool/dry GCM and the lowest 
value occurs in the hot/wet GCM. Meanwhile, in the high MPZ, the highest average 
relative yield is 0.97 and the lowest average relative yield in 0.76. Similar to the low 
MPZ, the cool/wet (hot/dry) GCM produces the highest (lowest) average relative 
yield. 


Economic analysis 


The economic analysis for Core Question 1 assesses the potential impacts of climate 
on current agricultural systems. The crop model results given in Tables 6 and 7 are 
used to quantify the impact of climate on maize production. However, other crop 
activities and livestock activities are not modeled under the future climate. As such, 
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to gain an understanding of the economic impacts of climate change on the household 
as a whole, a sensitivity analysis is used. In one case, all farm activities are assumed 
to be impacted by the same magnitude as maize; in other words, the maize relative 
yield is applied to all farm activities. This represents a case where the whole farm 
is impacted by climate. The second case is simulated with the assumption that only 
maize is impacted by climate change; for all other activities, a relative yield of 1 is 
applied for all farms. This assumption examines the importance of maize, and its 
climate sensitivity, in total farm production and income. 

For detailed results of the economic analysis, we refer to Claessens et al. (2017). 
The economic results across the various GCMs and RCPs predict that the current 
maize-based systems in Kenya will be negatively impacted by climate change. The 
majority of households are vulnerable (i.e., have lower income with climate change) 
in each simulation. The economic simulations predict the percentage of vulnerable 
households to be between 50% and 70% across the GCMs, RCPs, and relative yield 
assumptions. Moreover, per capita income is predicted to decrease, while poverty is 
predicted to increase. The results differ somewhat between RCP 4.5 and RCP 8.5. 
The relative yields are generally higher in RCP 4.5 than RCP 8.5, but they are lower 
in the hotter GCMs. 

These relative yield characteristics carry over into the economic results. The cli- 
mate change impacts are generally more negative in RCP 8.5 than in RCP 4.5: more 
vulnerable households, lower per capita incomes, and higher poverty rates. More- 
over, the strata-level results indicate that the farms in the high MPZs are potentially 
the most vulnerable to climate impact in Kenya. In the worst case, maize yields in this 
area are predicted to decrease by a larger degree than in the low and medium MPZs. 
Moreover, farms in the high MPZs are more reliant on maize than the other MPZs, 
where household income is relatively diversified across off-farm work, maize, other 
crops, and livestock. 


Core Question 2 
Technology intervention for maize-based systems in Kenya 


The technological intervention tested in this study is designed to increase maize 
yields across all the MPZs in Kenya and is described in section “RAP 4: Safi Kenya — 
The Greener Kenya”. The specific components of this intervention are summarized 
in Table 8. This table describes how various modeling parameters (both crop and 
economic) are changed for each farm under the technological intervention, compared 
to the current farming systems. 

Insights from the CTWN analysis and expert opinions suggest that current levels 
of fertilizer — even in the high MPZs — are relatively low and have much room to 
improve. The current application rates of N kg/ha, the proportion of farmers using 
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Table 8. Technological intervention components. 
Parameters Description of Change 


Fertilizer application Increase by 25 N (kg/ha) for the medium and 
high MPZs. Increase by 10N (kg/ha) for the 
low MPZs. Only applies for farms currently 
using fertilizer. 

Manure application Increase by 1000kg/ha for all farms. 

Fertilizer price Decrease by 25%. 

Herd size Increase by one improved breed cow for all 
farms. This is parameterized using improved 
breed statistics in the data. 


Milk yield Increase by 1.5 in the low MPZs and 1.36 in 
the medium and high MPZs. 
Milk production Increase according to change in herd and 


feeding strategy (relative yield method). 
Milk production cost Increase according to change in herd and 
feeding strategy (relative yield method). 


Table 9. Fertilizer statistics for Core Question 2. 


Proportion Observed N CQ2N 
Using Application Application 

Strata Fertilizer (kg/ha)* (kg/ha)* 
Low 0.22 7.2 17.2 
Low-milk 0.45 8.8 18.8 
Medium 0.79 24.3 49.3 
Medium-milk 0.79 28.9 53.9 
High 0.78 33.3 58.3 
High-milk 0.88 33.4 58.4 


Note: * Average rate for those who use fertilizer. Does not include 
full sample. 


fertilizer, and the fertilizer quantity that is simulated in the Core Question 2 economic 
analysis are shown in Table 9, Note that these statistics correspond to farmers with 
positive rates of fertilizer application. 

Table 10 shows a comparison of milk statistics for each stratum and for farms 
that only own the improved breed cows. The resolution of the data only allows for 
identification of farm-level management and productivity; costs and productivity 
cannot be distinguished by breed type for farms that own multiple breeds. As such, 
the improved breed statistics are only distinguished by examining the farms that 
exclusively own improved breeds. Moreover, these farms are a sub-sample of the 
total sample of milk- selling farms. Table 10 shows the yearly averages of milk 
yield, milk sold, purchased feed cost per cattle, total cost per cattle, milk revenue 
per cow, and milk price. Total cost comprises the purchased feed, veterinary, tick 
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Table 10. Milk statistics by MPZ and breed type. 


Feed Total Milk 
Milk Milk Sold Cost per Cost per Revenue Milk 
Produced per Cow Animal Animal per Cow Price 


Strata Observations per Cow (It) (It) (KSh) (KSh) (KSh)  (KSh/It) 
Low-milk T 819 519 289 710 14,892 27.4 
Medium-milk 259 1564 976 2163 3153 16,653 18.4 
High-milk 170 1705 971 832 1732 15,257 16.1 


Improved breed 60 2352 1584 3860 5336 25,273 16.1 


and worm, and insemination costs. The improved breeds have higher yields and 
higher amounts of milk sold, on average. Moreover, the farms using these breeds 
tend to have higher feed and total costs than other farms. Looking at milk revenue 
per cow, the improved breeds are associated with revenue that more than accounts 
for higher costs, compared to the averages in each MPZ. 

Milk yield and cost data, along with farm-level milk price, are used to estimate 
how animproved breed cow impacts milk net returns. The technological intervention 
assumes that the improved breed is more productive than local and cross breeds due 
to its inherent productivity and improved management. These observed statistics 
capture both of these attributes: the improved breed has higher yields and is given 
more purchased feed (as well as other services). As such, the yield and cost statistics 
from the improved breed farms are assumed to be reasonable approximations of how 
an additional improved breed cow would impact average milk net returns. 

The intervention also implies that pre-existing herds are managed using improved 
feeding strategies. These strategies will impact milk yield for this portion of the 
herd. Results from Shikuku ef al. (2017) are used to approximate the relative yield of 
improved feeding across all the MPZs in Kenya. These authors simulate the impact of 
improved feeding strategies for local breeds in Tanzania using the Ruminant Model 
(Herrero et al., 2002). The simulations predict a relative yield of 1.50 from improved 
feeding during the dry season. This value is used to represent yield changes in the 
low MPZs, which are generally drier areas of Kenya. For the wet season, Shikuku 
et al. (2017) estimate a relative yield of 1.36, which is assumed for the wetter areas 
of Kenya in this analysis, the high and medium MPZs. These areas already use more 
purchased feed than the low MPZs and, as such, are expected to have less milk yield 
improvement from the intervention. 


Crop simulation results 


The DSSAT crop model is used to predict maize yield changes corresponding to the 
technological intervention of increased fertilizer and manure application. Table 11 
shows the simulated relative yield statistics for each stratum. The farm-level yields 
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Table 11. Maize relative yield statistics, 
Core Question 2. 


Strata Average CV 
Low 2.26 32.7 
Low-milk 1.80 35.3 
Medium 2.10 39.9 
Medium-milk 1.89 39.6 
High 1.86 42.2 


High-milk 1.66 34.7 


are simulated for each year in the historical period (1980-2010) under the observed 
management (CM1 crop simulation) and under management representing the inter- 
vention (CM3 crop simulation). Table 11 implies that, on average, the intervention 
leads to yield increases of 66% to 126% across the strata. The highest average rela- 
tive yield is in the low MPZ for farms without milk and the lowest average relative 
yield is in the high MPZ for farms with milk. These relative yield values suggest 
that maize farmers can nearly double the current yields by increasing N and manure 
application, which also reflects that the current application rates are low. Within 
each MPZ, the relative yields tend to be higher for farms without milk. These farms 
may have higher maize yield benefits from the intervention because they have a 
lower degree of crop—livestock integration (e.g., manure use) in the current system. 


Economic analysis 


The system 1 parameters for this analysis are the same as those from Core Question 1. 
In other words, system 1 represents the observed maize-based system in Kenya. 
System 2 represents the system with the technological intervention. The economic 
differences between the two systems are the maize and milk net returns. Maize net 
returns for system 2 are calculated based on simulated yield changes that result from 
the technological intervention. However, there are specific cost considerations in 
this case. First, manure cost is assumed to be the same between systems because the 
additional manure in system 2 is produced on farm. Second, the system 2 fertilizer 
cost is calculated based on a 25% reduction in fertilizer price and the fertilizer 
application rate under the intervention. Third, all other maize costs (seed and land 
preparation) for system 2 are calculated using the relative yield method. 

The milk net returns for each farm under the technological intervention are cal- 
culated as the net returns to the additional cow plus the net returns to the pre-existing 
cows with improved feeding. The additional cow net returns are approximated for 
each farm using the mean milk sold and the mean cost of the improved breeds from 
Table 10. 
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Table 12. DSSAT relative yields by Maize Potential Zone (MPZ), RAP 4 (RCP 4.5). 


Low Potential Medium Potential High Potential 


Mean CV(%) Mean CV(%) Mean CV(%) 


GCM characterization Cool/wet 1.06 11.9 0.96 4.4 1.05 12.2 


Cool/dry 1.00 4.5 0.97 3.1 0.96 De) 
Middle 1.02 1.8 1.02 1.1 1.02 1.3 
Hot/wet 1.02 16.6 0.94 7.0 1.01 15.9 
Hot/dry 0.95 8.4 0.92 6.8 0.83 17.9 


For detailed results of the economic analysis, we refer to Claessens et al. (2017). 
The economic simulation suggests that the intervention is beneficial for a large 
majority of farms in each of the MPZs of Kenya. In particular, maize productivity 
increases due to increased fertilizer and manure application and milk productivity 
increases due to improved feeding and the addition of an improved breed cow. 
Both of these productivity gains come with increased input costs. Nonetheless, the 
revenue that results from yield improvements tends to outweigh the excess costs 
and leads to increases in both maize and milk net returns. By improving farm net 
returns, the intervention is expected to increase the per capita income and decrease 
the poverty rate. 


Core Question 3 


In order to model the farming system under future conditions, elements from the 
RAP narratives are used to specify changes in the modeling inputs for both crop 
and economic models. The RAPs specify a number of management changes to 
characterize future maize production in Kenya. Table 13 shows how the current 
maize systems are modified for RAP 4 and RAP 5. 

All of the management changes in Table 13 are relative to the current period man- 
agement. Both RAP narratives indicate that farmers increase fertilizer and manure 
application rates. This change is represented by farmers in the high and medium 
MPZs increasing fertilizer by 30N kg/ha and farmers in the low MPZs increasing 
fertilizer by 15 N kg/ha. These application rates are the same for both RAPs. How- 
ever, manure application differs by RAP; in RAP 4, all farms in the milk strata 
increase manure application by 1000kg/ha, whereas in RAP 5, the milk farms 
increase manure application by 500 kg/ha. The application rate is lower in RAP 
5 because this RAP is associated with less organic fertilizer use and less crop— 
livestock integration than in RAP 4. 

Another component of both RAPs is the increased use of improved maize vari- 
eties, which is modeled by modifying the genetic coefficients to achieve a 10% 
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Table 13. RAP 4 and RAP 5 crop modeling components. 


RAP 4 RAP 5 
High and Medium Fertilizer Increase by 30 Nkg/ha on all Increase by 30 N kg/ha on all 
Potential Zones farms farms 
Genetic 10% improvement 10% improvement 
Manure Increase by 1000kg/ha for milk Increase by 500kg/ha for milk 
strata strata 
Soil No change Degraded to achieve 15% 
lower yield than RAP 4* 
Low Potential Fertilizer Increase by 15 Nkg/ha on all Increase by 15 Nkg/ha on all 
Zones farms farms 
Genetic 10% improvement 10% improvement 
Manure Increase by 1000kg/ha for milk Increase by 500kg/ha for milk 
strata strata 
Soil No change Degraded to achieve 15% 
lower yield than RAP 4* 


Note: *Based on difference in IFPRI IMPACT Yield Trends. Rainfed maize trend for RAP 4 = 1.70 
and rainfed maize trend for RAP 5 = 1.44. 


increase in yields. Last, the crop modeling for RAP 5 also incorporates degradation 
of the current soils. Soil degradation is consistent with the RAP 5 narrative and it 
may explain why the global economic model (described in detail below) predicts 
lower maize yields in RAP 5 than RAP 4. The DSSAT model is used to simulate 
maize yields under management representative of the descriptions in Table 13. 

Table 14 shows how future changes in crop and milk production are quantified 
under each RAP. Similar to Table 13, these changes are relative to the observed 
maize-based systems: the trend values represent the ratio of the future value to 
the current value for each parameter. The trend values are used in the economic 
analysis to characterize future maize-based systems under each RAP. In Table 14, the 
“Description” columns provide background information on the source of the trend 
values. Some of these changes were developed as plausible changes based on the 
SSPs and other studies during RAP meetings, while other changes are based on 
trends from the International Food Policy Research Institute’s (IFPRI) International 
Model for Policy Analysis of Agricultural Commodities and Trade IMPACT) model 
(Robinson et al., 2015). 

The IMPACT model is a global model that predicts future prices, yields, areas, 
and total production for a number of commodities at the global level. The model also 
incorporates various future scenarios (SSPs, RCPs, etc). The trends (i.e., the ratio of 


Household size 
Off-farm income 


Crop production 
Farm size 


Maize area 


Maize yield 

Maize price (no 
CC) 

Maize price (with 
CC) 

Maize cost 


Other crops area 


Other crops yield 


Other crops price 
(no CC) 

Other crops price 
(with CC) 

Other crops cost 
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Table 14. Quantification of parameter changes under each RAP. 


Trend 


0.8 


1.5 


1.4 


1.4, 0.84 


1.7 
1.51 


1.6 


1.51 


1.4, 0.84 


RAP 4 


Description 


From discussions at RAP 
meeting. 

From discussions at RAP 
meeting. 


From discussions at RAP 
meeting. CV increases 
by 10% also. 

Increases in proportion to 
farm size. Low-milk 
strata allocate 40% of 
future area to Napier 
grass leading to a 0.84 
trend for maize area. 


IFPRI IMPACT trend. 
IFPRI IMPACT trend. 


IFPRI IMPACT trend. 


Assumed same as maize 
price. 

Increases in proportion to 
farm size. Low-milk 
strata allocate 40% of 
future area to Napier 
grass leading to a 0.84 
trend for maize area. 

IFPRI IMPACT aggregate 
trend.* 

IFPRI IMPACT aggregate 
trend.* 

IFPRI IMPACT aggregate 
trend.* 

Assumed same as other 
crops price. 


Trend 


0.8-1.1 


1.95 


1.35 


1.73 


1.35 


RAP 5 


Description 


From discussions at RAP 
meeting. 

From discussions at RAP 
meeting. 


From discussions at RAP 
meeting. CV increases 
by 20% also. 

Low-milk strata allocate 
20% of area to Napier 
grass leading to a 0.80 
trend for maize area. 
Other low potential 
farms do not change 
allocation (trend = 1). 
The high and medium 
potential zones increase 
maize area by 10%. 

IFPRI IMPACT 

IFPRI IMPACT 


IFPRI IMPACT 


Assumed same as maize 
price. 

Changes in accordance to 
the maize area change 
for each stratum. 


IFPRI IMPACT aggregate 
trend.* 

IFPRI IMPACT aggregate 
trend.* 

IFPRI IMPACT aggregate 
trend.* 

Assumed same as other 
crops price. 


(Continued) 
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Table 14. (Continued) 


RAP 4 RAP 5 
Trend Description Trend Description 
Milk 
production 

Herd size 1.35 From discussions at RAP 1 From discussions at RAP 
meeting. CV increases meeting. CV increases 
by 25% also. by 35% also. 

Milk yield 1.36, 1.5 Approximate relative 1.36, 1.5 Approximate relative 
yields from improved yields from improved 
feeding in Shikuku et al. feeding in Shikuku et al. 
(2017). The lower value (2017). The lower value 
corresponds to the high corresponds to the high 
and medium zones; the and medium zones; the 
higher value higher value 
corresponds to the low corresponds to the low 
zones. zones. 

Milk price 1.21 IFPRI IMPACT trend. 1.12 IFPRI IMPACT 

(no CC) 
Milk price 1.23 IFPRI IMPACT trend. 1.14 IFPRI IMPACT 
(with CC) 

Milk cost 1.65, 1.82 Changes with milk yield 1.52, 1.68 Changes with milk yield 

and milk price. and milk price. 


Note: CV = coefficient of variation. 
*see Table 5.4.3 for aggregate trend calculations. 


the 2050 value to the baseline value in 2005) presented in Table 15 are IMPACT’s 
predictions for Kenya for the scenarios that correspond to each RAP (Wiebe et al., 
2015). 

In the RAP 4 narrative, household sizes decrease and off-farm income increases. 
These are quantified as a 20% decrease in household size and a 50% increase in 
off-farm income. In RAP 5, household sizes increase and off-farm income increases, 
but to a larger extent than in RAP 4 because overall economic growth is higher in 
RAP 5. This analysis calculates the RAP 5 household size as 20% higher than the 
current household size, while off-farm income is 80% higher in RAP 5 than in the 
current period. 

Farm sizes increase by 40% in RAP 4 but do not change in RAP 5. In both 
pathways, the relative variation (i.e., coefficient of variation (CV)) increases to 
represent increased consolidation of farm land. In RAP 4, maize area in the high 
and medium MPZs increases in proportion to farm size (40%); while in RAP 5, maize 
area increases by 10% in these same locations and represents increased reliance on 
maize since average farm size does not change. In the low MPZs, the farms without 


Strata 


Low 
Low-milk 
Medium 
Medium-milk 
High 
High-milk 
Aggregate 


GCM 


Cool/dry 
Cool/dry 
Cool/dry 
Cool/dry 
Cool/dry 
Cool/dry 
Cool/dry 


Table 15. Range of economic results — RAP 5, RCP 8.5, maize impact on all activities. 


Price 


High 
High 
High 
High 
High 
High 
High 


Least Vulnerable 


Net 
Vulnerable Impact 

(%) (%) 
36.7 12.9 
31.8 15.4 
34.1 17.8 
339 16.4 
37.5 13.6 
32.6 12.2 
34.0 15.2 


Change 
in PCI 
(%) 


Se 
8.3 
14.5 
14.2 
8.5 
91 
11.3 


Change 


in 


Poverty 


Rate (%) GCM 


—2.4 
—2.7 
—4.7 
= 
=3.9 
—2.8 
—2.9 


Hot/dry 
Hot/dry 
Hot/dry 
Hot/dry 
Hot/dry 
Hot/dry 
Hot/dry 


Price 


Low 
Low 
Low 
Low 
Low 
Low 
Low 


Most Vulnerable 
Net 
Vulnerable Impact 

(%) (%) 
44.3 5.0 
42.9 5.0 
44.8 4.9 
46.7 2.7 
62.8 —11.7 
65.7 —9.5 
51.2 0.0 


Change 
in PCI 


(%) 


1.7 
2.2 
3o 
21 
—5.8 
—6.0 
0.3 


Change 
in 
Poverty 
Rate (%) 


—0.8 
—0.9 
—1.4 
—0.4 
2.6 
2.8 
0.2 
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milk increase maize area in proportion to farm size in RAP 4 and do not change 
maize area in RAP 5. The farms with milk in the low MPZs allocate 40% of future 
farm area to Napier grass in RAP 4, which leads to a 16% reduction in maize area. 
In RAP 5, these farms allocate 20% of farm area to Napier, reducing maize area by 
20%. Maize yields are expected to increase in both RAPs due to management and 
variety improvements. 

The IMPACT model predicts that the maize yields will be 70% higher in RAP 4 
and 44% higher in RAP 5 than current yields. Both of these are yield trends without 
climate change. Moreover, the maize price is expected to increase in each RAP. 
Without climate change, the IMPACT model predicts the maize price trend as 1.51 
in RAP 4 and 1.37 in RAP 5. Both these trends are higher in the IMPACT model 
with climate change: 1.60 in RAP 4 and 1.57 in RAP 5. Additionally, the maize 
management changes and the changes in future input prices are assumed to increase 
the cost of maize production. The trend of maize production cost is assumed to be 
the same as the trend of maize price for each RAP. 

The RIA analysis of Kenyan maize-based systems aggregates all non-maize crops 
into a single category referred to as other crops. For RAP 4, the area allocated to these 
crops changes by the same amount as maize area. In other words, the proportion 
of maize area to other crops area is kept constant between current and future time 
periods. However, for RAP 5, this area changes in accordance with the maize area 
changes discussed above; in particular, the proportion of maize area to other crops 
area increases in the future time period for RAP 5. 

The yield, price, and cost trends for the other crops activity are approximated 
using the IMPACT trends of the most common crops grown in the survey data. These 
crops are bananas, beans, cowpeas, potatoes, avocados, mangos, sweet potatoes, 
onions, and Sukuma wiki. Table 16 shows the IMPACT trends for commodities that 
correspond to these crops in Kenya. The aggregate trends used in Core Question 3 
are the average trend values for these commodities. (The row labelled “Average” in 
Table 16 shows the trend values from Table 14 for the other crops activities.) 

In RAP 4, these commodities have yield trends between 1.48 and 3.43, price 
trends between 1.06 and 1.42 without climate change, and price trends between 
1.18 and 1.75 with climate change. When these trends are aggregated using their 
averages, the other crops activity is parameterized with a 2.16 yield trend, 1.18 
price trend without climate change, and 1.41 price change with climate change 
in RAP 4. 

The RAP 5 trends differ somewhat, as prices are higher and yields lower than 
those in RAP 4. The yield trend across the commodities ranges from 1.27 to 3.22 
with an aggregate trend of 1.95, the price trend without climate change ranges from 
1.18 to 1.85 with an aggregate trend of 1.35, and the price trend with climate change 
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Table 16. IMPACT trends for common crops in Kenyan maize-based systems. 


RAP 4 RAP 5 


IMPACT Price Price Price Price 
Commodity (No CC) (With CC) Yield (No CC) (With CC) Yield Examples 


Banana 1.15 1.48 2.13 1.27 1.78 1.88 

Bean 1.06 1.18 2.38 1.22 1.41 2.15 

Cowpea 1.42 1:75 3.43 1.85 2.36 3.22 

Potato 1.19 1.37 1.48 1.18 1.47 1.27 

Sub-tropical fruit 1.27 1.57 2:36- 1.37 1.82 2.07 Avocados, mangos 
Sweet potato 1.07 1:29 1.72 1.38 1.83 1.60 

Vegetable 1.10 1.27 159 1-19 1.47 1.43 Onions, sukuma wiki 
Average 1.18 1.41 2.16 1.35 1.73 1.95 


Note: Yield trends are for rainfed crops without climate change. 


ranges from 1.41 to 2.36 with an aggregate trend of 1.73. For both RAPs, the other 
crops cost trend is assumed the same as the aggregate price trend. 

The future herd sizes are larger by 35% in RAP 4 but do not change in RAP 5, as 
there is relatively less crop—livestock integration in RAP 5 than in RAP 4. Similar to 
farm size, the relative variation in herd sizes increases in both RAPs, but to a larger 
degree in RAP 5. The IMPACT model does not provide milk yield predictions. As 
such, yield trends from Core Question 2 are assumed (these are referred to as relative 
yields in Core Question 2). These yield trends are estimated in Shikuku et al. (2017) 
and represent yield changes as a result of improved feeding for local breed cows. 
For each RAP, the yield trends are the same because management improvements 
are similar between the two pathways. 

The yield increase of 36% is predicted by Shikuku etal. (2017) for the wet season 
and is applied to high and medium MPZs (the wetter areas of Kenya); while the yield 
increase of 50% is simulated for the dry season and is applied to the low MPZs (the 
drier areas of Kenya). Moreover, the high and medium MPZs use more purchased 
feed than the low MPZs in the current time period and, as such, are expected to 
have less milk yield improvement from future management changes. The future 
milk price is predicted with IMPACT model trends. Without climate change, the 
IMPACT milk price trend is 1.21 in RAP 4 and 1.12 in RAP 5. These trends are 
both slightly higher for the scenario with climate change: 1.23 in RAP 4 and 1.14 
in RAP 5. 

Additionally, milk cost is expected to increase with changes in management and 
input prices. Future milk cost is modeled under the assumption that it increases in 
proportion to milk yield and price trends for both RAPs, which leads to a cost trend 
for the high and medium MPZs and a separate cost trend for the low MPZs. 
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Crop simulation results 


The DSSAT crop model is used to simulate maize yields under each RAP and under 
the current and future climate. Table 12 shows statistics on the relative yields for 
each MPZ under RAP 4. The RCP 4.5 GCMs are used to model future climate with 
RAP 4. The relative yield is the ratio of the maize yield under the future climate with 
future management (CM5) compared to the maize yield under the current climate 
with future management (CM4), for a given farm. Future management details used 
to simulate future yields with and without climate change are described in Table 13. 
The CM4 and CM5 yields are 30 year averages from the crop model simulations. 
A relative yield of 1 indicates no climate impact on yield and a value below (above) 
1 indicates a negative (positive) climate impact. 

In the low MPZs, the average relative yields are generally close to 1 across all the 
GCMs, indicating small climate impacts on future maize production. The highest 
average relative yield is 1.06 and occurs in the cool/wet GCM, while the lowest 
average relative yield is 0.95 and occurs in the hot/dry GCM. Climate impacts in 
the medium MPZs are slightly negative in four of the five GCMs, on average. The 
middle GCM is associated with the highest relative yield (1.02) and the hot/dry 
GCM is associated with the lowest relative yield (0.92). 

The high MPZ is predicted to have average relative yields close to 1 in all GCMs 
except the hot/dry scenario. These relative yields for this area of Kenya have a larger 
range across the five GCMs than the low and medium MPZs, with average relative 
yields ranging from 0.83 (hot/dry) to 1.05 (cool/wet). 

Under RAP 5, future climate is modeled using five RCP 8.5 GCMs. Similar to 
RAP 4, RAP 5 yields are simulated using future management for both the current 
and future climate. The relative yield statistics for these crop simulations are shown 
in Table 17, Across Kenya, the DSSAT model predicts negative climate impacts on 
maize yields under RAP 5. In the low MPZs, the average relative yields are slightly 
below 1 (0.94—0.99) in four of the GCMs. The lowest relative yield of 0.87 occurs in 
the hot/dry GCM. The medium and high MPZs are predicted to have the lowest yield 
impacts in the cool/dry GCM and the highest yield impacts in the hot/dry GCM. 
The average relative yields range from 0.84 to 0.98 in the medium MPZs and from 
0.72 to 0.99 in the high MPZs. 

The relative yield predictions in Tables 12 and 17 indicate that maize yields are 
more susceptible to climate change in RAP 5 than RAP 4. This result is due to two 
factors. First, changes in climate are less extreme in RAP 4 because it is characterized 
with a lower emissions scenario than RAP 5. Second, RAP 4 is associated with the 
use of more sustainable agricultural practices than RAP 5. This characteristic is 
represented by soil degradation and lower manure application (compared to RAP 4) 
in RAP 5 crop simulations. As such, climate change has a greater impact on maize 


Maize-Based Smallholder Crop—Livestock Systems in Kenya 69 


Table 17. DSSAT relative yields by Maize Potential Zone (MPZ), RAP 5 (RCP 8.5). 


Low Potential Medium Potential High Potential 


Mean CV(%) Mean CV(%) Mean CV(%) 


GCM characterization Cool/wet 0.99 17.1 0.94 5.9 0.97 11.5 


Cool/dry 0.96 11.4 0.98 4.7 0.99 1.9 
Middle 0.94 11.7 0.94 7.2 0.86 15.1 
Hot/wet 0.97 21.8 0.89 8.3 0.91 15.5 


Hot/dry 0.87 10.3 0.84 13.0 0.72 26.3 


yields in a future that resembles RAP 5. Similarly, both RAP 4 and RAP 5 production 
systems are most negatively impacted in the hot/dry GCM. This result is true for 
each MPZ in Kenya. Future maize yields, as predicted by systems of RAP 4 and 
RAP 5, are most negatively impacted by relatively hotter and drier future climates. 


Economic analysis — Background 


The economic analysis for Core Question 3 follows a similar methodology as that of 
Core Question 1. The TOA-MD model is used to estimate climate change impacts 
on household farm net returns under each RAP. The first step in the analysis is to 
calculate the parameters for the future maize-based systems without climate change. 
These calculations follow the AGMIP methodology and use the trends from Table 14. 
All monetary values are shown in 2007 KSh. Table 18 shows the average household 
size, farm size, and off-farm income for the current period, RAP 4, and RAP 5 
across the strata. As mentioned above, household sizes are smaller, farm sizes are 
larger, and off-farm income is higher in RAP 4 than in the current period. In RAP 5, 
household sizes are larger, average farm size is the same, and off-farm income is 
higher than in the current period. 

For each RAP, the economic analysis includes two price scenarios. The first price 
scenario assumes the IMPACT price trends with and without climate change. This 
scenario is referred to as the high price scenario since IMPACT price trends indicate 
higher future prices. The second scenario, called the low price scenario, assumes 
that prices in the future without climate change are the same as the current period. 
For the price with climate change, the low price scenario uses the ratio of the price 
with climate change to the price without climate change from the IMPACT model. 
For maize, this ratio is 1.60 divided by 1.51 and equals 1.06; as such, the maize price 
with climate change is calculated with 1.06 as the trend in the low price scenario. 
This approach is utilized for other crops and milk as well. Table 19 shows the price 
trends used for each price scenario. 


Table 18. Average household size, farm size, and off-farm income for current and future (2050) periods. 


Strata 


Low 
Low-milk 
Medium 
Medium-milk 
High 
High-milk 


Obs 


165 
73 
142 
259 
65 
170 


HH 
size 


5.0 
4.8 
4.8 
4.5 
5.8 
5:3 


Current Period 


Farm 
Size (ha) 


1.6 
2.1 
Jet 
1.3 
1.2 
1.9 


Off-farm 
Income 


(Ksh) 


70,216 
87,125 
44,749 
63,343 
49,118 
76,464 


HH 
size 


4.0 
3.9 
3.9 
3.6 
4.7 
4.4 


RAP 4 


Farm 
Size (ha) 


2.2 
2.9 
1.6 
1.9 
1.6 
21 


Off-farm 
Income 
(Ksh) 


1,05,324 
1,30,687 
67,123 
95,014 
73,677 
1, 14,696 


HH size 


6.0 
5.8 
5.8 
5.4 
7.0 
6.6 


RAP 5 


Farm 
Size (ha) 


1.6 
2.1 
1.1 
1.3 
1.2 
1.9 


Off-farm 
Income 
(Ksh) 


1,26,389 
1,56,824 
80,548 
1,14,017 
88,412 
1,37,635 
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Table 19. Activity price trends (relative to current prices) for each RAP and price scenario. 
RAP 4 RAP 5 
Low Price High Price Low Price High Price 


Without Without Without Without 
CC With CC (00; With CC CC With CC CC With CC 


Maize 1 1.06 151 1.60 1 1.15 1.37 1.57 


Other crops 1 1.19 1.18 1.41 1 1.28 1:35 1.73 
Milk 1 1.02 1.21 1.23 1 1.02 1:12 1.14 


RAP 4 Economic analysis — Results 


Table 20 shows select economic results for RAP 4, RCP 4.5, both price scenarios, 
and the assumption that all activities (i.e., other crops and livestock) are impacted 
by climate the same as maize (referred to as “Maize Impact on All Activities” in the 
table title). The table shows results for the climate—price scenarios that yield the least 
and most vulnerable households, in aggregate. The cool/wet GCM and high price 
scenario is associated with the lowest proportion of households negatively impacted 
by climate change, while the hot/dry GCM and high price scenario is associated with 
the highest amount. In both scenarios, the majority of households are not vulnerable 
to climate change in RAP 4 under this relative yield assumption. 

In particular, the total percentage of vulnerable households ranges from 35.2% 
to 47.2% across RAP 4 scenarios under this relative yield assumption. Economic 
simulations predict mostly positive net economic impacts, higher per capita income, 
and lower poverty with climate change for maize farms in Kenya. However, farms 
in the high MPZ have predictions of negative net economic impacts in the hot/dry 
GCM and high price scenario. In this scenario, 58.4% of farms without milk in the 
high MPZ are vulnerable and 56.9% of farms with milk in this MPZ are vulnerable 
to climate change. 

The range of RAP 4 results for both price scenarios under the assumption that 
only maize is impacted by climate are displayed in Table 21, These simulations 
predict that there is low vulnerability to climate change under RAP 4 and RCP 4.5. 
The percentage of vulnerable households ranges from 36.8% in the cool/wet GCM 
and high price scenario to 40.1% in the hot/dry GCM and high price scenario. Across 
the five GCMs and two price scenarios, per capita income is higher and poverty is 
lower with climate change. 

Similar to Table 22, the high potential farms are predicted to be more vulnerable 
to climate change than the low and medium potential farms. However, with the 
assumption that only maize is impacted by climate change, the hot/dry GCM and 
high price scenario do not yield negative net economic impacts, as is the case when 


Strata 


Low 
Low-milk 
Medium 
Medium-milk 
High 
High-milk 
Aggregate 


GCM 


Cool/wet 
Cool/wet 
Cool/wet 
Cool/wet 
Cool/wet 
Cool/wet 
Cool/wet 


Table 20. Range of economic results — RAP 4, RCP 4.5, maize impact on all activities. 


Price 


High 
High 
High 
High 
High 
High 
High 


Least Vulnerable 


Net 
Vulnerable Impact 

(%) (%) 
34.3 14.7 
27.2 20.6 
39.6 10.0 
39.1 93 
38.1 12.7 
32.6 12.4 
332 11.4 


Change 
in PCI 
(%) 


9.2 
13.4 
9.9 
9.6 
10.9 
11.9 
10.4 


Change 
in 
Poverty 
Rate (%) GCM 
—2.3 Hot/dry 
—2.4 Hot/dry 
—1.2 Hot/dry 
—0.3 Hot/dry 
—2.4 Hot/dry 
—0.9 Hot/dry 
—1.3 Hot/dry 


Price 


High 
High 
High 
High 
High 
High 
High 


Most Vulnerable 
Net 
Vulnerable Impact 

(%) (%) 
42.8 5.8 
39.9 6.9 
43.5 6.0 
44.0 4.9 
58.4 —7.4 
56.9 —4.1 
47.2 2.3 


Change 
in PCI 
(%) 


3.6 
4.6 
59 
5.0 
—6.4 
=39 
2.5 


Change 
in 
Poverty 
Rate (%) 


—1.0 
—0.9 
—0.7 
0.0 
2.5 
13 
0.1 
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Strata 


Low 
Low-milk 
Medium 
Medium-milk 
High 
High-milk 
Aggregate 


Table 21. 


GCM 


Cool/wet 
Cool/wet 
Cool/wet 
Cool/wet 
Cool/wet 
Cool/wet 
Cool/wet 


Price 


High 
High 
High 
High 
High 
High 
High 


Range of economic results — RAP 4, RCP 4.5, no impact on non-maize activities. 


Least Vulnerable 
Net Change 
Vulnerable Impact in PCI 
(%) (%) (%) 
36.6 12.4 6.7 
36.8 9.6 5.6 
37.6 12.8 11.8 
37.1 11.8 11.4 
38.6 12.2 9.0 
35.8 10.0 8.6 
36.8 11.5 9.8 


Change 


in 


Poverty 


Rate (%) GCM 


=2.1 
= 155 
—2.2 
—0.7 
=3.0 
=1.3 
—1.6 


Hot/dry 
Hot/dry 
Hot/dry 
Hot/dry 
Hot/dry 
Hot/dry 
Hot/dry 


Price 


High 
High 
High 
High 
High 
High 
High 


Most Vulnerable 
Net 
Vulnerable Impact 

(%) (%) 
38.4 10.6 
38.4 8.3 
37.8 12.6 
37.4 11.5 
48.7 12 
44.4 3.7 
40.1 9.1 


Change 
in PCI 


(%) 


5:1 
4.8 
11.6 
11.1 
0.9 
3.2 
8.0 


Change 
in 
Poverty 
Rate (%) 


—1.8 
=13 
=2.1 
—0.7 
—0.2 
—0.2 
—1.0 


wW 
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Table 22. Impact of technological intervention on average maize and milk returns — RAP 4. 


Change in Change in 
Maize Net Milk Net 
Returns Returns 

Strata GCM Price Scenario (Ksh) (%) (Ksh) (%) 
Low Cool/wet High 7,945 28.6 2,18,424 — 
Low-milk Cool/wet High 2,854 12.1 2,36,705 543.4 
Medium Cool/wet High 4,733 20.1 76,484 — 
Medium-milk Cool/wet High 4,834 17.8 76,928 249.0 
High Cool/wet High 11,452 13.3 70,031 — 


High-milk Cool/wet High 20,469 15.2 71,400 157.7 


all activities are impacted by climate. The only stratum that is predicted to have 
negative net economic impacts for any GCM is the high MPZ without milk. This 
outcome occurs in the hot/dry GCM for the high price scenario (51.5% vulnerable 
and —1.3% net impact). 

Stratum-level results for all RAP 4 simulations are shown in the box and whisker 
format in Figs. 7 and 8. The percentage of vulnerable households in each stratum 
across the price and relative yield scenarios (vertical axis) for each GCM (hori- 
zontal axis) are shown in Fig. 7. In each figure, the left graph references farms 
without milk and the right graph references farms with milk. In the low and medium 
MPZs, less than 50% of households are predicted vulnerable to climate change 
across all GCMs. The predicted percentages are in the 25%-45% range and the 
hot/dry scenario tends to yield the highest percentage of vulnerable households 
across the four strata. In the high MPZ (Fig. 72), the hot/dry GCM produces 
higher rates of vulnerability. In both the strata, the highest prediction of vulner- 
able households is between 55% and 60%. However, the other four GCMs do not 
predict above 50% vulnerable households in any scenario; these predictions range 
from 30% to 45%. 

The predicted net impacts on mean farm net returns for all simulations across 
the different strata are shown in Fig. 8, These graphs show the predicted net impacts 
for each price and relative yield scenario (vertical axis) across the climate scenarios 
(horizontal axis). In addition, there is a red line at 0% to serve as a reference on each 
graph. In each figure, the left graph shows the predictions for the farms without milk 
in the region and the right graph shows the predictions for the farms with milk in the 
region. Predicted net economic impacts in the low and medium MPZs are positive 
for all simulations. Moreover, the lowest predicted increase in mean farm net returns 
is around 5% occurring in the hot/dry GCM, while the highest predictions tend to 
be in the 15%—20% range and the GCM varies across the strata. Meanwhile, the 
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Fig. 7. Percentage of vulnerable households by strata under RAP 4. Low MPZ (a), Medium MPZ 


(b), High MPZ (c). 
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Fig. 8. Impact on net mean farm returns under RAP 4. Low MPZ (a), Medium MPZ (b), High 
MPZ (c). 
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high MPZ farms are predicted to experience negative net impacts on mean farm net 
returns in a number of the hot/dry scenarios (Fig. 82). The other climate scenarios 
predict net economic impacts between 5% and 15% for both the strata in the area 
of Kenya with high maize potential. 


RAP 4 Economic analysis — Discussion 


In most of the scenarios simulated, climate change is predicted to have a positive 
impact on the future maize-based systems of RAP 4. This result requires further 
explanation because the climate impact on maize yields is negative in a number of 
GCMs, as indicated by average relative yields below 1 in Table 12. The economic 
impact of climate change is the result of both biophysical and economic differences 
between scenarios with and without climate change. Specifically, these biophysical 
differences are represented by relative yields that differ from 1 and these economic 
differences are represented by price changes (shown in Table 23). 

The IMPACT model predicts that the maize prices are 6% higher with climate 
change, other crop prices are 19% higher with climate change, and milk prices 
are 2% higher with climate change for RAP 4. In certain GCMs and MPZs, the 
average relative yields are at or above 1 and with higher prices the predicted cli- 
mate impacts are positive, on average. In most of the scenarios where the aver- 
age relative yields are below 1, the increase in prices with climate change is 
large enough to offset the lower yields and the end results are positive economic 
impacts. 


RAP 5 Economic analysis — Results 


Table 15 displays the range of aggregate economic outcomes for RAP 5, RCP 8.5, 
under the assumption that all activities have the same relative yields as maize, and 
it includes results for both price scenarios. Across the Kenyan MPZs (“Aggregate” 
row in tables), the amount of vulnerable households is predicted between 34.0% 
(cool/dry GCM and high price) and 51.2% (hot/dry GCM and low price) for the 
simulated climate—price scenarios in RAP 5. In most scenarios, the economic model 
predicts positive net economic impacts, higher per capita income, and lower poverty 
rates in a RAP 5 future with climate change, compared to a future without climate 
change. 

One noticeable difference from these results and those for RAP 4 is that the 
hot/dry GCM yields a slight majority of households (50.7% high price, 51.2% low 
price) vulnerable to climate change and an increase in the poverty rate (0.3% high 
price, 0.2% low price). Looking at the strata-level results, farms in the high MPZ 
are the only sub-populations with predicted negative net economic impacts for any 
future scenario. In the hot/dry GCM and low price scenario, 62.8% of farms without 


Strata 


Low 
Low-milk 
Medium 
Medium-milk 
High 
High-milk 
Aggregate 


GCM 


Middle 
Middle 
Middle 
Middle 
Middle 
Middle 
Middle 


Table 23. Range of economic results — impact of technological intervention, RAP 4. 


Sce- 


nario Rate (%) 


High 
High 
High 
High 
High 
High 
High 


Lowest % Better Off 


87.0 
82.6 
78.8 
70.8 
Fha 
72.5 
77.1 


Change 
Price Intervention in Net 
Adoption Returns in PCI 


(%) 


222 
171 
47 
33 

46 
29 
57 


Change 
in 


Change Poverty 


(%) 


111:2 
88.4 
35.4 
25.8 
30.2 
20.8 
40.5 


Rate 
(%) 


—9.6 
—5.3 
—7.3 
—3.8 
—8.4 
—2.9 
—5.8 


GCM 


Cool/wet 
Cool/wet 
Cool/wet 
Cool/wet 
Cool/wet 
Cool/wet 
Cool/wet 


Highest % Better Off 


Change 


Price Intervention in Net 


Sce- 


nario Rate (%) 


High 
High 
High 
High 
High 
High 
High 


Adoption Returns in PCI 


87.2 
82.8 
78.6 
71.2 
82.8 
77.4 
78.7 


(%) 


222 
168 
47 
34 
61 
34 
61 


Change 
in 


Change Poverty 


(%) 


112.0 
91.6 
35.1 
25.9 
40.6 
25:1 
42.6 


Rate 
(%) 


=9:5 
—4.6 
—7.6 
=3:9 
—9.5 
=3:3 
—5.9 
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milk and 65.7% of farms with milk are vulnerable to climate change. In this scenario, 
farms without (with) milk are predicted to have net economic impacts of —11.7% 
(—9.5%), a 5.8% (6.0%) decrease in per capita income, and a 2.6% (2.8%) increase 
in poverty. 

The range of RAP 5 results for all scenarios with the assumption that only maize is 
impacted by climate are displayed in Table 24. With this relative yield assumption on 
non-maize activities, the economic simulations predict that the majority of Kenyan 
maize farms are not vulnerable to climate change in RAP 5 scenarios. Across the five 
GCMs and two price scenarios, aggregate per capita income is higher (between 8.0% 
and 12.0%) and poverty is lower (between —2.3% and —3.2%) with climate change. 
The lowest proportion of vulnerable households, in aggregate, is predicted in the 
cool/dry GCM and high price scenario (32.9%) and the highest amount is predicted 
in the hot/dry GCM and low price scenario (38.0%). The high MPZ farmers without 
milk are the only group predicted to have negative net economic impacts in the most 
vulnerable scenario: 50.8% of these farms are predicted to be vulnerable with net 
economic impacts of —0.7%. Similar to RAP 4, the difference between the relative 
yield assumptions is that the range of economic impacts is larger when all activities 
are impacted. 

Figure 9 displays the percentage of vulnerable households in each stratum across 
the price and relative yield scenarios (vertical axis) for each GCM (horizontal axis) 
under RAP 5. In each figure, the left graph references farms without milk and 
the right graph references farms with milk. Similar to RAP 4, less than 50% of 
households in the low and medium MPZ s are predicted vulnerable to climate change 
across all GCMs, price scenarios, and relative yield assumptions. The predicted 
percentages are 25%—45% in the low MPZ and 30%-50% in the medium MPZ. 
The scenarios with the most vulnerable households in each stratum tend to occur 
in the hot/dry climate scenario. In the high MPZ (Fig. 92), the hot/dry GCM yields 
predictions where a majority of farms are vulnerable to climate change. The highest 
percentage of vulnerable households is close to 65% for both strata. The other four 
climate scenarios have no predictions above 50% vulnerable households; although 
the middle GCM yields predictions close to 50% in a number of scenarios for each 
stratum. 

The predicted net impacts on mean farm net returns for RAP 5 simulations are 
shown in Fig. 10. The vertical axis of each graph shows the predicted net impacts 
for each price and relative yield scenario and the horizontal axis shows each climate 
scenario. The red line at 0% serves as a reference for net impacts being positive or 
negative. In each figure, predictions for farms without milk are in the left graph and 
predictions for farms with milk are in the right graph. Across all RAP 5 scenarios, net 
economic impacts are predicted to be positive for the low (5%—25%) and medium 
(0%-20%) MPZs. The lowest predicted net economic impacts coincide with the 


Strata 


Low 
Low-milk 
Medium 
Medium-milk 
High 
High-milk 
Aggregate 


Table 24. 


GCM 


Cool/dry 
Cool/dry 
Cool/dry 
Cool/dry 
Cool/dry 
Cool/dry 
Cool/dry 


Price 


High 
High 
High 
High 
High 
High 
High 


Range of economic results — RAP 5, RCP 8.5, no impact on non-maize activities. 


Least Vulnerable 


Net 
Vulnerable Impact 

(%) (%) 
33:5 16.6 
32.6 14.0 
33.0 19.0 
325 17.4 
36.5 14.2 
32.1 12.5 
32.9 16.1 


Change 
in PCI 
(%) 


7.3 
T3 
15:5 
15.0 
8.9 
9.3 
12.0 


Change 


in 


Poverty 


Rate (%) GCM 


—3.0 
—2.6 
=z 
—2.4 
—4.1 
=2.9 
=32 


Hot/dry 
Hot/dry 
Hot/dry 
Hot/dry 
Hot/dry 
Hot/dry 
Hot/dry 


Price 


Low 
Low 
Low 
Low 
Low 
Low 
Low 


Most Vulnerable 
Net 
Vulnerable Impact 

(%) (%) 
35.0 15.0 
34.8 11.9 
34.1 18.0 
33.9 16.0 
50.8 —0.7 
45.2 3.1 
38.0 12.3 


Change 
in PCI 


(%) 


Sel 
5.3 
12.6 
12.2 
—0.4 
1.9 
8.0 


Change 
in 
Poverty 
Rate (%) 


=2.2 
=2.1 
—4.9 
—2.8 

0.1 
—0.7 
—2.3 
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Fig. 9. Percentage of vulnerable households by strata under RAP 5. Low MPZ (a), Medium MPZ 
(b), High MPZ (c). 
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Fig. 10. Impact on net mean farm returns under RAP 5. Low MPZ (a), Medium MPZ (b), High 


MPZ (c). 
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highest prediction of vulnerable households and tend to occur in scenarios with the 
hot/dry GCM for each stratum. Meanwhile, the high MPZ farms are predicted to 
experience negative net impacts on mean farm net returns in a number of the hot/dry 
scenarios (Fig. 102). In these particular scenarios, the results predict that mean farm 
net returns are reduced around 12% for farms without milk and 10% for farms with 
milk. The other climate scenarios predict positive net economic impacts up to 15% 
for both the strata in this area of Kenya. 


RAP 5 Economic analysis — Discussion 


In most scenarios and strata, the predicted economic impacts from climate change 
are positive in RAP 5. As discussed with the RAP 4 results, the climate impacts are 
the result of both economic and biophysical differences between scenarios with and 
without climate change. From a biophysical standpoint, the crop model simulations 
predict that climate has a negative impact on maize yields for each MPZ in RAP 5, 
on average (Table 17). Similar to RAP 4, maize, other crops, and milk prices are 
predicted to be higher with climate change than without climate change in RAP 
5 (Table 23). The IMPACT model predicts the climate change maize price to be 
15% higher, the other crops price to be 28% higher, and the milk price to be 2% 
higher than the prices without climate change. These higher prices tend to offset the 
negative climate impact on yields, leading to positive economic impacts. 


Economic analysis — Conclusion 


A summary of the economic results provides insights into the climate vulnerability 
of future maize-based systems in Kenya. Considering the aggregate outcomes, the 
percentage of households predicted to have lower farm net returns with climate 
change ranges from 35.2% to 47.2% in a future resembling RAP 4 and 32.9% to 
51.2% ina future resembling RAP 5. These ranges are across all GCMs, relative yield 
assumptions, and price scenarios. In both RAPs, the per capita income is predicted 
to increase with climate change. In RAP 4, the per capita income increases between 
2.5% and 10.4% across all scenarios; in RAP 5, it increases from 0.3% to 12.0%. 
Additionally, as a result of climate change, the poverty rate changes between 
—1.7% and 0.1% in RAP 4 and —3.2% and 0.3% in RAP 5. These changes are 
relative to different baseline poverty rates in each RAP. As such, the climate change 
poverty rates range from 16.3% to 21.0% in RAP 4 and from 27.6% to 36.9% in RAP 
5. The economic results for RAP 4 indicate that the lowest aggregate percentage of 
vulnerable households occurs in the cool/wet GCM for each price scenario and rel- 
ative yield assumption. Meanwhile, the cool/dry GCM is associated with the lowest 
percentage in the RAP 5 price-relative yield scenarios. For both RAPs, regardless of 
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the price scenario and relative yield assumption, the hot/dry GCM yields the highest 
percentage of vulnerable households. 

These economic results reflect biophysical changes (e.g., maize yields) and eco- 
nomic changes (e.g., prices) that are associated with climate change. The DSSAT 
crop model predicts that future maize yields across Kenya (based on production char- 
acteristics developed in this study) are negatively impacted by climate in a number of 
RAP 4 scenarios and most RAP 5 scenarios. The global economic model, IMPACT, 
predicts that prices in climate change scenarios are higher than prices in scenarios 
without climate change. The higher prices with climate change tend to offset the 
negative climate impact on yields, leading to predictions of positive net impacts on 
mean farm net returns. 

However, examining net returns for each activity — maize, other crops, and 
milk — provides a more detailed understanding of climate change impact on future 
maize-based systems in Kenya. First, across the strata, there are scenarios where 
maize and milk net returns decrease as a result of climate change. Notably, the other 
crops activity is, in almost every scenario and strata, positively impacted by climate 
change. This result is driven by the other crops price increasing by a relatively large 
amount in the future scenarios with climate change. With this price increase, the 
other crops activity provides a buffer against negative climate impacts on yields and 
leads to increases in mean farm net returns. This narrative applies to every scenario 
for the farms in the low and medium MPZs. 

In the high MPZs, the range of outcomes includes negative net economic impacts 
of climate change. First, these farms are predicted to be the most negatively impacted 
from a biophysical standpoint, in the worst-case scenarios, and second, they obtain 
the most income from maize, which has relatively smaller price increase with climate 
change. When combined, these two factors yield predictions of lower farm net 
returns and a majority of households being worse off with climate change in the high 
MPZ. Despite the aggregate outcomes, the strata-level results predict that climate 
impacts differ based on location agroecology and household income diversification. 


Core Question 4 
Technology intervention for future maize-based systems in Kenya 


This core question analyses the impacts of a technology intervention in the pro- 
duction systems of the future. The technology intervention for future maize-based 
systems in Kenya is consistent with that of Core Question 2; however, it is tailored 
to the future world with climate change. The goals of the intervention are to offset 
negative climate impacts on maize yields and capitalize on the profitability of milk 
production. Similar to Core Question 3, this analysis is undertaken for future RAPs 
and their associated climate scenarios. 
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In both RAPs, there are future scenarios where average maize net returns are 
predicted to decrease as a result of climate change across Kenya. These negative 
economic impacts are the result of decreases in maize yields caused by climate 
change. As such, the technological intervention aims to increase maize yields in 
future climate scenarios by increasing fertilizer application for each farm. In terms 
of milk production, the Core Question 2 analysis indicates that adding improved 
breed cows may substantially increase milk net returns in current production sys- 
tems. Adding one improved breed cow to each farm, along with improved feeding 
strategies, is predicted to more than double milk net returns, on average. 

To implement a similar intervention in future production systems, each farm 
is provided with several improved breed cows. In the low MPZs, farms receive 3 
additional cows, while in the medium and high MPZs, farms receive 2 additional 
cows. Farms receive more cows in the low MPZs because, as part of the RAPs, these 
farms are assumed to be relatively more focused on milk production in the future. 
Moreover, this future intervention includes a larger increase in herd size than that 
of Core Question 2 to reflect a future scenario consistent with the Government of 
Kenya plans of promoting improved breeds and interventions like the EADD project 
(Valdivia et al., 2016; Government of Kenya 2013; EADD, 2013, 2014). 

With the increase in herd size, farms also apply more manure with the interven- 
tion. The only difference between the interventions in RAP 4 and RAP 5 is related 
to soil improvement. In RAP 5, soil quality is lower than in the current period and, 
as a result, the intervention includes soil restoration practices that restore soil to 
its current (2007) quality. Table 25 provides a summary of the Core Question 4 
technological intervention for both RAPs. 

As Table 25 shows, fertilizer application increases by 25 Nkg/ha for each farm 
under the intervention. This rate increase is applied in each of the MPZs across 
Kenya. The resulting fertilizer application rates for each MPZ are shown in Table 27. 


Table 25. Technological intervention components. 
Parameters Description of Change 


Fertilizer application Increase by 25 N (kg/ha) for all farms. 
Manure application Increase by 1000 kg/ha for all farms. 


Fertilizer price Decrease by 25%. 
Soil quality Restored to current (2007) level. Applies to RAP 5 only. 
Herd size Increase by 3 improved breed cows for low maize potential 


farms; increase by 2 improved breed cows for medium 
and high maize potential farms. This is parameterized 
using improved breed statistics in the data. 


Note: All changes are relative to RAP 4 and RAP 5 production systems. 
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Table 26. Average fertilizer application (N kg/ha). 


With 
Strata RAP 4 and RAP 5* Intervention 
Low 16.6 41.6 
Low-milk 19.0 44.0 
Medium 49.2 74.2 
Medium-milk 52.8 71.8 
High 56.2 81.2 
High-milk 59.3 84.3 


Note: * Application is same in both. 


This table also shows the fertilizer application under RAP 4 and RAP 5 for compar- 
ison. Based on the CTWN analysis, the increased N is expected to increase maize 
yields in each of the MPZs. In particular, the CTWN for the DSSAT model indicates 
that the maize yields increase up to approximately 180N kg/ha in the high MPZs, 
100N kg/ha in the medium MPZs, and 60N kg/ha in the low MPZs. As Table 26 
shows, this intervention does not push application rates up to these levels, on aver- 
age. Higher application rates than those modeled in this analysis may go beyond 
the confidence of the crop model response shape to N fertilization in the high and 
medium MPZs. Moreover, in the low MPZs, the lack of water may have much 
more limitation on yields as N fertilization increases. Also, in the CTWN for the 
low MPZs, the crop models, DSSAT and APSIM, show some disagreement in yield 
response to higher N levels. For these reasons, 25 N kg/ha is considered a reasonable 
increase in fertilizer application for this technological intervention. 


Crop simulation results 


The DSSAT crop model is used to predict the maize yield changes corresponding to 
the technological intervention described above in Table 25, The farm-level yields are 
simulated for each year in the future period under the future management developed 
in each RAP (CM5 crop simulation) and under management representing the inter- 
vention (CM6 crop simulation). These simulations are performed for each future 
climate scenario. 

Table 27 shows the simulated relative yield statistics for each stratum across 
the GCMs of RAP 4. In the low MPZs, maize yields increase in each GCM as a 
result of the intervention. Based on the relative yield statistics, the average improve- 
ment ranges from 23% to 30% across the five GCMs, with the largest improvement 
occurring in the hot/wet scenario. The intervention improves yields in the medium 
MPZs, but to a lesser extent than in the low MPZs. The average relative yields range 
from 1.14 (hot/dry GCM) to 1.19 (cool/wet) in the medium MPZs (see Table 27). 
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Table 27. DSSAT relative yields by Maize Potential Zone (MPZ), RAP 4 (RCP 4.5). 


Low Potential Medium Potential High Potential 


Mean CV(%) Mean CV(%) Mean CV(%) 


GCM characterization Cool/wet 1.27 26.7 1.19 13.1 1.17 13.7 
Cool/dry 1.24 26.3 1.16 12.6 1.14 12.5 
Middle 1.23 25.3 1.16 14.7 0.98 26.6 
Hot/wet 1.30 27.2 1.18 13.8 1.16 13.6 
Hot/dry 1.24 26.5 1.14 13.1 1.11 11.1 


Table 28. DSSAT relative yields by Maize Potential Zone (MPZ), RAP 5 (RCP 8.5). 


Low Potential Medium Potential High Potential 


Mean CV(%) Mean CV(%) Mean CV(%) 


GCM characterization Cool/wet 1.74 35.0 1233 18.5 1.30 18.5 
Cool/dry 1.67 35.5 1.30 18.3 1.27 18.0 
Middle 1.67 33.1 1.29 19.0 1.21 15.0 
Hot/wet 1.81 33.9 1.34 20.1 1.28 18.5 
Hot/dry 1.65 33.0 1.28 18.5 1.15 12.0 


The high MPZ exhibits more variation in average relative yields across the future cli- 
mate scenarios. The intervention is predicted to decrease yields by 2%, on average, 
in the middle GCM; while in the other GCMs, the yields are predicted to increase 
up to 17% from the intervention. 

The intervention relative yield statistics for RAP 5 are summarized in Table 28. 
This table displays the mean and CV of the relative yields resulting from the interven- 
tion for each MPZ and future climate scenario. In general, the intervention positively 
impacts yields in the future climate scenarios of RAP 5, regardless of the MPZ. The 
crop model predicts that the intervention average relative yields range from 1.65 
to 1.81 in the low MPZs, 1.28 to 1.34 in the medium MPZs, and 1.15 to 1.30 in 
the high MPZs. These ranges are over the five future climate scenarios associated 
with RAP 5 (RCP 8.5). In each of the MPZs, the lowest relative yield occurs in the 
hot/dry GCM. 

According to the DSSAT model simulations, the intervention is predicted to 
improve maize yields in the future scenarios of RAP 4 and RAP 5. The only exception 
occurs for the high MPZ in the middle GCM of RAP 4, where the relative yield is 
0.98. In all other combinations of MPZs and climate scenarios, the intervention 
improves maize yields, thereby offsetting negative climate impacts on yields. There 
also appears to be heterogeneity in the impacts of the intervention on maize yields 
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across the MPZs and across the RAPs. In both RAPs, the low MPZs have the 
largest increases in maize yields across the climate scenarios. For all MPZs, the 
improvement in maize yields tends to be higher in RAP 5 than in RAP 4. This 
implies that the intervention may have a larger impact in RAP 5, where predicted 
climate impacts on maize yields are more negative than in RAP 4. 


Economic analysis 


The economic impacts of the intervention in future scenarios are estimated using 
the TOA-MD model. In this analysis, system 1 is represented by farm production in 
future scenarios without the intervention and system 2 represents production with 
the technological intervention. Each system is modeled uniquely for each RAP, 
GCM, and price scenario. The price scenarios are the same as those used in the Core 
Question 3 analysis. The TOA-MD model calculates the distributional impacts of 
the intervention by comparing the distribution of farm net returns for each system. 

The system | parameter calculations are described in the Core Question 3 anal- 
ysis. The economic differences between the two systems are the maize and milk net 
returns. For system 2, the maize net returns are based on simulated yield changes 
that result from the technological intervention in each future scenario. As such, the 
maize net returns for system 2 are calculated using the intervention relative yields 
and applying the relative yield method to system 1 maize net returns. The milk 
net returns under the intervention are calculated as the net returns of the additional 
improved breed cows plus the milk net returns from system 1. The additional cow 
net return parameters are approximated for each farm using the improved breed 
statistics from the current period and the milk production trends for each RAP. 

For Core Question 4, which takes place in the future world, the average milk 
net returns from the new cows are calculated using the Table 18 parameters and 
the milk yield, price, and cost trends from Table 15, The analysis is done under 
the assumption that each farm activity is impacted by climate to the same degree 
as maize. To account for this, the strata average maize relative yield from Core 
Question 3 (i.e., the climate relative yield) is applied to the average milk production 
of the additional cows in each future scenario. The standard deviation of milk net 
returns with the intervention is approximated by assuming that the CV of milk net 
returns is 115% in the low MPZs and 110% in the medium and high MPZs. 

In general, across both the future and current scenarios, the calculated CVs in 
each MPZ are similar to the assumed values under the intervention. This analysis 
assumes that the correlation between net returns in system 1 and system 2 is 0.85. 
Given this high correlation and the fact that average net returns for both maize and 
milk are higher in system 2, the predicted adoption rate can be considered an upper 
bound adoption rate. 
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The range of impacts of the technological intervention in RAP 4 scenarios 
is shown in Table 23. This table shows outcomes from the scenario with lowest 
percentage of households adopting the intervention and the scenario with the high- 
est percentage of households adopting the intervention. Across the RAP 4 climate 
and price scenarios, between 77.1% (middle GCM and high price scenario) and 
78.7% (cool/wet GCM and high price scenario) of all households are predicted to 
adopt the intervention. In other words, the intervention is predicted to increase farm 
net returns for approximately three-fourths of farms across Kenya in RAP 4 sce- 
narios. Furthermore, per capita income increases, and poverty decreases as a result 
of the intervention. The strata-level results show some heterogeneity but are largely 
consistent with the aggregate results. A higher percentage of households is predicted 
to adopt the intervention in the low MPZs than in the other areas of Kenya. More- 
over, farms in the low MPZs have the largest percentage increases in net returns and 
per capita income. 

The RAP 4 results can be analyzed further by looking at the activity-specific 
impacts of the intervention. Table 22 shows the changes in average maize and milk 
net returns from the intervention for the cool/wet high price scenario (the scenario 
with the highest adoption rate). These changes are based on the average net returns 
when all farms are participating in the intervention. First, this table indicates that the 
maize net returns increase in each stratum. These increases are the result of higher 
maize yields predicted with the intervention. Average milk net returns also increase 
for each stratum. The increases in milk net returns are considerably larger than the 
increases in maize net returns, in terms of absolute and percentage changes. 

There are two reasons for the large increases in milk net returns. First, without 
the intervention, average number of cows per farm is between 1 and 3 in RAP 4 
across all the MPZs (average herd size range is 4—9 total cattle). As such, adding 
2-3 cows per farm is, in many cases, doubling the number of cows used in milk 
production. The second reason is that the additional cows are improved breeds and, 
as such, are more productive and profitable than existing local and cross breeds that 
many farms own. 

These factors, taken together, explain why this intervention is predicted to 
increase milk net returns by large amounts across all the MPZs in Kenya. The 
changes in average milk net returns are largest in the low MPZs. This is the result 
of these farms receiving one more cow than the other MPZs. Moreover, additional 
cows are more profitable in the low MPZs because milk prices are higher in these 
locations. Current milk prices are highest in the low MPZs and this price difference 
is assumed to carry over into the future scenarios modeled in this study. 

The results from the RAP 5 economic simulations are shown in Table 29. This 
table shows the results for the scenarios with the lowest and highest aggregate 
intervention adoption rates. In the hot/dry GCM and high price scenario, 81.0% of 


Table 29. Range of economic results — impact of technological intervention, RAP 5. 


Lowest % Better Off Highest % Better Off 
Change Change 
Change in Change in 
Price Intervention in Net Change Poverty Price Intervention in Net Change Poverty 
Sce- Adoption Returns inPCI Rate Sce- Adoption Returns inPCI Rate 
Strata GCM nario Rate (%) (%) (%) (%) GCM nario Rate (%) (%) (%) (%) 
Low Hot/dry High 86.9 276 95.2  —19.4 Cool/wet Low 85.8 315 98.0 =21.5 
Low-milk Hot/dry High 84.2 179 73.8 —11.3 Cool/wet Low 83.4 209 80.7 —12.6 
Medium Hot/dry High 82.1 57 34.8 —11.7 Cool/wet Low 85.4 68 37.9 =13.3 
Medium-milk Hot/dry High 74.7 39 25.1 —5.9 Cool/wet Low 77.8 45 27.1 —6.8 
High Hot/dry High 85.9 81 33.2  —13.7 Cool/wet Low 89.6 106 42.7 —16.9 
High-milk Hot/dry High 80.0 44 22.5 —7.3  Cool/wet Low 84.4 55 27.3 —8.5 


Aggregate Hot/dry High 81.0 75 40.3 —10.7 Cool/wet Low 83.2 90 44.4 —12.2 
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Table 30. Impact of technological intervention on average maize and milk net returns — RAP 5. 


Change in Change in 
Maize Net Milk Net 
Returns Returns 

Strata GCM Price Scenario (Ksh) (%) (Ksh) (%) 
Low Cool/wet Low 7085 70.0 16,7088 — 
Low-milk Cool/wet Low 5071 45.3 18,5210 736.3 
Medium Cool/wet Low 3163 33.6 61067 — 
Medium-milk Cool/wet Low 3319 30.0 62459 333:9 
High Cool/wet Low 8228 24.8 52602 — 


High-milk Cool/wet Low 13657 26.2 54864 212.4 


all households have higher net returns with the intervention, while in the cool/wet 
GCM and low price scenario, 83.2% of all households have higher net returns with 
the intervention. Similar to the RAP 4 results, the intervention is beneficial for a large 
portion of households, increases per capita income, and decreases poverty. Within 
each stratum, three-quarters or more of the households adopt the intervention. The 
largest increases in farm net returns occur for those in the low MPZs. Moreover, 
within each MPZ, farms without milk before the intervention tend to benefit more 
than those with milk before the intervention. 

Table 30 displays the intervention impacts on average maize and milk net returns 
for the scenario with the highest intervention adoption rate. These impacts reflect 
changes in average net returns when all farms are participating in the intervention. 
For each stratum, maize net returns increase as a result of the intervention in this 
scenario. These increases are the result of higher maize yields predicted with the 
intervention. The percentage increase in maize net returns is highest in the low 
MPZs, which is consistent with these farms having the highest intervention relative 
yields in RAP 5 climate scenarios (Table 28). 

Milk net returns also increase for each stratum and, similar to RAP 4, the increases 
in milk net returns are considerably larger than the increases in maize net returns. 
The reasons for the size of the increases in milk net returns are, like RAP 4, related 
to the herd sizes and the productivity of improved breed cows. Average herd sizes 
without the intervention are 1-2 cows (3-7 total cattle) with a mixture of local, 
cross, and improved breeds. As such, the addition of 2—3 improved breed cows 
has a large impact on milk net returns by increasing both total production and 
productivity. The impact on milk net returns is highest in low MPZs. This out- 
come occurs for similar reasons as in RAP 4: farms in the low MPZs receive more 
cows with the intervention and have higher milk prices compared to farms in the 
other MPZs. 
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The economic simulation predicts that the intervention improves the economic 
well-being of a large majority of Kenyan farms in the future scenarios. Specifically, 
the intervention increases farm net returns, which increases per capita income and 
decreases poverty across Kenya in each of the future scenarios. 

There are two avenues by which the intervention affects farms. First, the interven- 
tion offsets negative climate impacts on maize productivity by increasing fertilizer 
and manure application. Moreover, in RAP 5, maize productivity is improved due 
to soil restoration practices. These productivity improvements lead to increases in 
maize net returns in each MPZ. 

Second, the intervention includes the provision of 2—3 improved breed cows to 
each farm which roughly doubles the number of cows available for milk production. 
In addition, these cows are generally more productive and profitable than the local 
and cross breeds commonly used by farms in Kenya. As such, the intervention 
leads to large increases in milk net returns. In fact, the changes in milk net returns 
outweigh those in maize net returns and are the main drivers in the positive outcomes 
associated with the intervention. 

These results suggest that the policy interventions aimed at increasing the farms’ 
focus on milk production, including the use of improved breeds, have the potential 
to greatly improve livelihoods in future maize-based systems of Kenya. 


Conclusions 


This RIA provides a number of insights into the potential impact of climate change 
and adaptation on maize-based systems in Kenya. First, all the climate models pre- 
dict a warmer future compared to the current climate; and, the future scenarios are 
warmer in the higher emissions pathway. The projected increase in temperature is 
lowest at the coast and increases westward, with the largest increases at the sites near 
the Kenya—Uganda border. The climate models are in less agreement on the direc- 
tion of change in precipitation compared to current levels. Under both emissions 
scenarios, the wettest scenarios indicate increases in precipitation and the driest 
scenarios predict decreases in precipitation during the growing season. Based on 
previous work, there is reason to believe that climate models have relatively low 
skill in reproducing East Africa precipitation climatology which leads to uncer- 
tainty as to whether the region will be wetter or drier in the future (Yang ef al., 
2015). 

This assessment finds that projected climate change in Kenya negatively impacts 
current maize-based systems. Crop model simulations indicate that, with current 
management, the maize yields are lower in future climate scenarios compared to 
current climate. The decrease in maize yields leads to lower farm net returns for a 
majority of farms across the future climate scenarios and across the maize producing 
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regions of Kenya. However, there is heterogeneity in the impacts across Kenya: the 
farms in the high MPZ are potentially the most vulnerable to climate change. In 
the worst case climate scenario, maize yields in this area are predicted to decrease 
by a larger degree than in the low and medium MPZs. Moreover, farms in the high 
MPZs are more reliant on maize than the other MPZs, where household income is 
relatively diversified across off-farm work, maize, other crops, and livestock. 

In terms of potential adaptation, a large portion of farms in the current maize- 
based systems may benefit from a policy intervention aimed at decreasing fertilizer 
prices and increasing milk productivity. This intervention is represented by a subsidy 
that lowers the prices farmers pay for commercial fertilizers and improves access 
to fertilizers with investment in infrastructure and lowering of transactions costs 
associated with participating in fertilizer markets. The technological intervention 
also includes technical assistance programs to improve feeding strategies for milking 
cows and the donation of one improved breed milking cow to every farm, similar 
to the basic elements of the EADD project (EADD 2013, 2014). Both maize and 
milk productivity are predicted to increase under the intervention, which leads to 
increases in farm net returns for households across Kenya. By increasing farm net 
returns, the intervention is expected to increase the per capita income and decrease 
the poverty rate. 

The findings in regard to climate impact on future maize-based systems illustrate 
the importance of examining both biophysical and economic changes that result from 
climate change. From a biophysical standpoint, the DSSAT crop model predicts that 
maize yields under future management (as developed for each RAP) are negatively 
impacted by climate across Kenya in a number of RAP 4 scenarios and most RAP 5 
scenarios. However, these lower yields do not necessarily lead to negative economic 
impacts because, according to the global economic model (IMPACT), prices in 
climate change scenarios are predicted to be higher than prices in scenarios without 
climate change. As such, the economic impacts of climate change are the result of 
both biophysical and economic changes that occur with climate change. 

In this assessment, the higher prices with climate change tend to offset the nega- 
tive climate impact on yields, leading to aggregate predictions of positive net impacts 
on mean farm net returns, increases in the per capita income, and decreases in 
poverty across the future scenarios. However, in the high MPZ, the range of out- 
comes includes negative net economic impacts from climate change. First, these 
farms are predicted to be the most negatively impacted from a biophysical stand- 
point in the worst-case scenarios, and second, they obtain the most income from 
maize, which has relatively smaller price increase with climate change than the 
price increases for other crops. 

When combined, these two factors yield predictions of lower farm net returns 
and a majority of households being worse off with climate change in the high 
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MPZ. Despite the aggregate outcomes, the strata-level results predict that the 
climate impacts differ based on location agroecology and household income 
diversification. 

As in current production systems, a large majority of farms in future pro- 
duction systems are predicted to benefit from a policy intervention aimed at 
increasing fertilizer application and milk production. This intervention is modeled 
with increased fertilizer and manure application and the provision of 2-3 improved 
breed cows to each farm in future production systems. The changes in maize manage- 
ment increase yields and offset negative climate impacts. The provision of multiple 
improved breed cows increases both milk production and milk productivity. As a 
result, maize and milk net returns tend to increase for farms across Kenya, leading 
to increases in the per capita income and decreases in the poverty rates in each of the 
future scenarios. The large increase in milk net returns is the main driver in the pos- 
itive outcomes associated with the intervention. This result suggests that the policy 
interventions aimed at increasing the farms’ focus on milk production, including the 
use of improved breeds, have the potential to greatly improve livelihoods in future 
maize-based systems of Kenya. 
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Introduction 


The agricultural sector plays a critical role in the Kenyan economy; it contributes 
to about 26% of the country’s gross domestic product (GDP) and employs over 
70% of the rural population (Ochieng ef al., 2016; GoK, 2010). Given the reliance 
of the economy on agriculture, changing climatic patterns have always presented a 
threat to farm income and food security in Kenya through their effect on rainfall, 
soil moisture, and production. In the last three decades, Kenya has been affected 
by droughts in 1991, 1992, 1995, 1998-2000, and 2004, the E/-Nifo rains that 
resulted in the floods of 1997, and the drought of 2008. The impacts of these events 
were further exacerbated because Kenyan agriculture is predominantly rainfed, with 
variability in rainfall and temperature directly affecting crop and livestock yields 
(Ochieng et al., 2016). 

The impacts of climate change and variability are projected to contribute to 
increased drought episodes, food insecurity, and deepening poverty in the future 
as well (Omoyo et al., 2015). Seasonal mean temperatures have been rising in 
many areas of Kenya over the last 50 years and regional climate model studies 
suggest drying over most parts of Kenya in August and September by the end of the 
21st century (Niang et al., 2014; Bozzola et al., 2018). Studies predict countrywide 
losses in the production of key staples like maize due to increased evapotranspiration 
in large cropland areas. Prices of key staples are likely to increase as well, thereby 
reducing per capita calorie availability (Herrero et al., 2010). The economic costs of 
changing climatic patterns are projected at 2.6% of the annual GDP by 2030, with 
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larger costs in the coastal zones due to sea level rise (SEI, 2009; Ochieng etal., 2017). 
Moreover, recent episodes suggest that Kenya is not adequately prepared to deal with 
these challenges. For example, maize production declined by 4.2% in 2014, which 
was attributed to erratic rains, with some regions experiencing depressed rainfall 
(Ochieng et al., 2017). 

As most Kenyan rural households rely on agricultural activities for their liveli- 
hoods, climate change adaptation is vital in enhancing the resilience of the sector, 
protecting the livelihoods of poor households, and ensuring their food security. In 
recognition of these challenges, the Kenyan government has put in place several 
measures aimed at mitigation and adaptation of climate impacts. The most recent 
and comprehensive initiative, Vision 2030, aims to create a “globally competitive 
and prosperous nation with a high quality of life by 2030” (GoK, 2007). 

This initiative recognizes the transformation of agricultural sector as a key fac- 
tor in reducing poverty and focuses on improving smallholder productivity (with 
improved species and better access to inputs) and promoting non-farm opportuni- 
ties. Moreover, the government has set out to reduce reliance on rainfed production 
of food crops by investing part of the economic stimulus funds into rehabilitation 
of major irrigation schemes in the country. To this end, the National Water Master- 
plan under the Vision 2030 program aims to increase the area under irrigation to 
1.2 million hectares by 2030 for increased agricultural production (GoK, 2013). 

A major part of the process of transforming and reorienting agricultural systems 
under climate change involves an integrated assessment of agricultural systems. This 
involves evaluating the performance of current farming systems, analysing the vul- 
nerabilities of these systems under changing climate, and quantifying the impacts 
of possible modifications of these systems (e.g., through policy and technology) 
(Antle et al., 2018). The main challenges in assessing these impacts on heteroge- 
neous agricultural systems typical of Kenya relate to the availability of suitable 
data, tools, and approaches for ex ante impact assessment that capture the complex 
interactions of the systems, while allowing us to incorporate different exogenous 
changes (Valdivia, 2016). 

In this chapter, we use the Agricultural Model Intercomparison and Improve- 
ment Project (AgMIP) regional integrated assessment (RIA) framework (Antle et al., 
2015) to assess the ex ante impacts of irrigation expansion as a technological inter- 
vention on smallholder communities in Kenya dependent on maize-based crop- 
livestock systems. We assess prospective changes in cropping systems in response to 
changes in climate and socio-economic conditions using downscaled climate data, 
detailed farm-level economic data, site-specific farming system simulations, and 
projections of future productivity trends. These elements are combined in an eco- 
nomic impact assessment model that simulates the effects of adaptive responses of a 
heterogeneous population of farm decision makers. We use the proposed irrigation 
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expansion in the GoK Vision 2030 as the framework to analyze the proposed policy 
intervention. 

The remainder of the chapter is organized as follows. In the section “Methodolog- 
ical Framework”, we describe the models used in the proposed integrated assessment 
framework and methods employed to link these models. The section “Scenario Def- 
inition” provides background on agricultural systems in Kenya and describes the 
household data and farming typologies used in this study. The section “Integrated 
Assessment Results” presents the main results in the paper, and the last section 
concludes. 


Methodological Framework 


The methodological framework employed in this study is based on the AgMIP 
RIA framework (Antle et al., 2015). This framework integrates climate, crop, and 
economic modeling to examine integrated impacts of climate and adaptation for dif- 
ferent biophysical and socio-economic scenarios. Four core questions in the AgMIP 
assessment motivate how the impacts of climate change and adaptation are analyzed 
across different scenarios (Fig. 1 in Part 2, Chapter 2 of this issue shows the RIA 
framework and the four core questions). 

Core Question 1 examines the sensitivity of current agricultural systems to cli- 
mate change. This question addresses the isolated impacts of a climate change 
assuming that the production system does not change from its current state. It is 
useful as a baseline for comparison with other combinations of technology and 
states of the world. Core Question 2 analyses the benefits of adaptation in current 
production systems and the current climate. The next two core questions focus on 
the future production systems. Core Question 3 evaluates the role of climate impacts 
on a future production system, which will differ from the current production system 
due to the development in the agricultural sector not directly affected by climate 
change. The benefits of climate change adaptation in these future production systems 
are analyzed in Core Question 4 (Antle et al., 2015). 

In this chapter, we focus on Core Questions 2 and 4 to study the impacts of 
potential irrigation expansion as an adaptation strategy for smallholders under the 
current climate and in the future under climate change. 

The RIA framework combines existing survey data along with technical esti- 
mates of yield increases due to interventions to estimate projected adoption rates 
and other outcome indicators in the coupled framework. Household survey data 
are used to parameterize management and economic characteristics in the current 
time period. Current agricultural systems are modified for the future using trends 
of key variables (e.g., prices, yields, costs) based on representative agricultural 
pathway (RAP) narratives and global economic model predictions from literature. 
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Biophysical crop models are used to study the impacts of irrigation expansion on 
maize yields in current production systems and future production systems. Using 
this data, we investigate the impacts of adaptation on current and future production 
systems with crop and economic models. The next sub-sections describe the models 
used in the integrated assessment framework and methods used to link these models. 


Economic analysis 


We use the Trade-Off Analysis Model for Multi-Dimensional Impact Assess- 
ment (TOA-MD) (Antle, 2011; Antle et al., 2014) for economic modeling in this 
assessment. 

This model uses statistical characterization of a farming population to assess 
the adoption potential of a new technology and its impacts on farm households. 
The TOA-MD approach is based on the concept of outcome distributions — a 
heterogeneous population using a production system comprising a set of interrelated 
crop, livestock, and farm activities (we call this System 1) that is characterized by 
an associated joint distribution of economic, environmental, and social outcomes. 
These outcome distributions result from the complex interactions of biophysical, 
economic, and social processes at the farm and population levels. 

In a typical technology adoption analysis, a new system (call this System 2) now 
becomes available to farmers using System 1. If the entire population were to switch 
to System 2, the population would be characterized by an entirely different outcome 
distribution. In most cases, some farms continue to choose System 1, while some 
use System 2 (the non-adopters and adopters, respectively). Therefore, the overall 
population is characterized by a mixture of outcome distributions of the two systems. 

This framework can be used to design simulation experiments that analyze what 
would happen if a population is treated in this way (i.e., offered the choice of using 
anew system). However, unlike in controlled physical experiments, in interventions 
that include people (like irrigation adoption), farmers self-select into the adopter 
and non-adopter categories. Therefore, quantitative analysis of the outcomes of such 
selection must take into account the statistical interrelationships between people’s 
choices and associated outcomes (Antle et al., 2014). 

To assess the impacts of irrigation expansion on current production systems 
(Core Question 2), the TOA-MD model compares distribution of farm net returns 
under the current farm management to the distribution of farm net returns under 
irrigation expansion. In this analysis, the current maize-based production system is 
parameterized using statistics from household survey data; the current production 
system under irrigation expansion is parameterized using crop model results based 
on changes in management. Crop model results are used along with the relative yield 
method (described in the section “Crop Simulation”) to calculate the distribution of 
farm net returns. Based on the distribution of farm net returns, the TOA-MD model 
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quantifies the potential adoption and subsequent impacts of technology adoption. 
At the predicted adoption rate, the changes in farm net returns, per capita income, 
and poverty are quantified. Moreover, the model allows for examination of sub- 
populations of farms and the aggregate population. In this assessment, farms are 
stratified based on their maize agro-ecology (high, medium, and low potential) 
and whether or not they sell milk. The economic impacts of climate change and 
adaptation are estimated for each of the resulting six strata (The section “Scenario 
Definition” provides more detail on stratification of farms). 

Technology intervention in future production systems (Core Question 4) is con- 
sistent with the current system intervention; however, it is designed to fit future 
world with climate change. In this analysis, System 1 is represented by agricultural 
production in future scenarios without the intervention and System 2 represents 
production with irrigation expansion. To characterize System 1 in the future, we 
use elements from RAP narratives from Part 2, Chapter 2 that are used to spec- 
ify several management changes (We discuss these changes in detail in the section 
“Representative Agricultural Pathways”). System 2 represents agricultural systems 
with intervention that aims to increase maize yields in future climate scenarios. 


Crop simulation 


To characterize System 2 (with irrigation) in the TOA-MD model, an ideal exper- 
iment would provide observations of the current and adapted systems with all else 
held constant. However, such experiments are not feasible; we can only observe 
the actual system in use, and we cannot observe the counterfactual adapted sys- 
tem. Therefore, we use the Decision Support System for Agrotechnology Transfer 
(DSSAT) (Jones et al., 2003) model to simulate the impacts of irrigation on farming 
systems to characterize the counterfactual system for the TOA-MD model. After 
obtaining counterfactual yields for farms that are using the current system, these 
data, in combination with other economic data, are used to calculate parameters of 
the TOA-MD model for each system. 

The impacts of irrigation on cropping systems are represented using the relative 
yield method, i.e., the ratio of the simulated yield with future farm management 
to the simulated yield with the current farm management. In this approach, yield 
under changed management is approximated as ye = re * yo Where yo is an observed 
yield and r, is a simulated relative yield calculated as re = Ysc/Yso, where yz. is the 
simulated yield under the changed condition and y,, is the simulated yield under 
the observed condition. One motivation for this procedure is to account for the bias 
in simulated yields because process-based models do not account for all the factors 
affecting actual yields (e.g., management ability of farmers, presence of pests, and 
diseases). If this bias is (approximately) proportional to the yield and equal for both 
Yse and Yso, then it cancels out in the calculation of a relative yield (Antle et al., 
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2018). The relative yield distributions provide an estimate of the heterogeneous 
response to technological interventions on agricultural systems across Kenya. 


Scenario Definition 


Household data 


We utilize data from the 2007 Rural Household Indicator Survey (RHIS) to param- 
eterize the baseline of the TOA-MD model. RHIS is a national survey conducted 
by the Tegemeo Institute of Agricultural Policy and Development with technical 
support from Michigan State University. Argwings-Kodhek ef al. (1999) provide 
a detailed description of the sample design, which was implemented in consulta- 
tion with the Kenya National Bureau of Statistics (KNBS). Survey instruments are 
available online (www.tegemeo.org). The study area for this assessment covers 67 
villages in the maize growing region in Kenya that span from the Kenyan coast 
through the central highlands and to the western side of the country (Fig. 1). 

To evaluate the distributional impacts of irrigation adoption on smallholders, it is 
essential to capture the biophysical and economic heterogeneity of the sector at the 
farm level and accurately assess behavioural responses to new technology adoption. 
The structure of farms and the potential transformation of production practices and 
livelihood strategies are highly diverse and depend on factors both endogenous 
and exogenous to the farm. Elements like biophysical environment, farm size and 
location, integration to markets, and intensity of production define the production 
choices and decisions of a farmer. 

Consequently, the effectiveness of technologies like irrigation is likely dependent 
on the type of the smallholder farm as well. Therefore, the first step in this analysis 
is to develop a typology to evaluate each farming system in each spatial unit against 
its favorability in terms of biophysical constraints and agricultural activities. We 
use two criteria to build this typology: (1) maize production potential and (ii) milk 
production. We discuss each criterion in detail below. 

We combine values of maize yields from the Tegemeo data with secondary agro- 
ecological information to divide households into three categories based on suitability 
of maize yields: high maize potential zone, medium maize potential zone, and low 
maize potential zone. The high maize potential zone is a distinct agro-ecological 
zone in Kenya, whereas the medium and low potential zones are categorized based 
on village-level maize yields. Figure 1 shows the map of the study area with agro- 
ecological zones. The low maize potential region lies along the coastline and the 
eastern and southern lowlands of Kenya. Medium maize potential is located along 
the central and western regions; high maize potential lies along the arid regions. 
As shown in Table 1, there are distinct differences in maize yields across the three 
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C] Country Borders 
A Survey Villages 
Agro-ecological zones 


E Humid 

© Sub Humid 

EE Semi Humid 

EE Semi Humid to Arid 

E Semi Arid 

E Arid 

E very Arid 

Fig. 1. Map of the study locations and agro-ecological zones. 
Table 1. Maize production statistics in Kenya. 

Strata Low Low Milk Medium Medium Milk High High Milk 
Observations 165 T3 142 259 65 170 
Maize yield (kg/ha) 1287 1340 2373 2729 2740 3136 
Maize area proportion 0.42 0.39 0.28 0.27 0.69 0.65 
Maize area (ha) 0.7 0.8 0.3 0.3 0.8 1.2 
Proportion using hybrid 0.3 0.5 0.7 0.8 0.8 1 
Seed cost (KSh/ha) 244 286 1086 1354 1318 1292 
N fertilizer (kg/ha) 1.6 4 19.2 22.8 26.2 29.3 
Manure (kg/ha) 600 1513 1493 3637 151 236 
Land prep cost (KSh/ha) 1797 1385 1504 2033 2779 3244 
Maize price (KSh/kg) 11.9 12.3 11.8 11.4 10.8 10.8 


Note: Prices are in 2007 Kenyan shillings (KSh). 
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Table 2. Milk and livestock statistics in Kenya. 


Strata Low Milk Medium Milk High Milk 
Observations 73 259 170 
Cows 1.4 1.3 1.8 
Total herd (cattle) 3.9 3 6.6 
Grade herd (cattle) 0.1 0.5 0.4 
Cross herd (cattle) 1 1.6 4.6 
Milk production (1t/farm) 975 1950 2971 
Milk per cow (It) 819 1564.3 1704.8 
Feed cost per animal (KSh) 289 2163 832 
Milk price (KSh/It) 27.4 18.4 16.1 


Note: Prices are in 2007 Kenyan shillings (KSh). 


potential zones, ranging from 1287 kg/ha in the low potential zone to 3136kg/ha 
in the high potential zone. The households in the high potential zone tend to have 
greater areas allocated to maize production and have higher input use than those in 
the other zones. Specifically, almost all these households use hybrid seed, and, on 
average, these households apply more N fertilizer and have higher land preparation 
costs than households in the other zones. 

The households in the sample primarily produce maize, beans, root crops, veg- 
etables, fruits, and livestock products, such as milk. Although households sell output 
from non-diary activities, such as eggs, honey, hides, and manure, we focus on milk 
production due to the size of its contribution to household income. Therefore, we 
further classify households from each maize potential zone based on whether they 
sell milk. 

Table 2 shows information on herds and milk production across the milk strata. 
The average number of cows is between 1 and 2 across the strata and the overall 
herd size is highest in the high potential zone. The average number of improved 
breed cattle is less than 1 in each stratum; meanwhile, ownership of crossbreeds 
is much higher, as each of the zones has an average value above | animal and the 
high potential zone has an average of 4.6. In terms of total milk production, total 
production and milk yield are highest in the high potential zones and lowest in the 
low potential zones, on average. However, the feed cost per animal is highest in the 
medium zones followed by the high and low potential zones. 

The differences in maize potential and milk production lead to large differences 
between groups of households in terms of maize productivity and farm net returns. 
Table 3 shows statistics on the economic sample across the strata. Farm sizes differ 
slightly across the strata and are generally small, ranging from 1 to 2ha. Maize 
incomes are higher in the high potential zones compared to the low and medium 
potential zones. Moreover, net returns from other crops are higher in the low and 
medium potential zones compared to the high potential zones. Across all strata, milk 
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Table 3. Sample summary statistics by strata. 


Low Medium High All 
Strata Low Milk Medium Milk High Milk Households 
Household size 5 4.8 4.8 4.5 5.8 5.5 5 
Farm size (ha) 1.6 2.1 1.1 1.3 1.2 1.9 1.5 
Off-farm income 70216 87125 44749 63343 49118 76464 65100 
Net returns from maize 6246 7624 5433 5893 18511 28613 11387 
Net returns from other crops 14648 23550 36072 53032 9658 20632 31040 
Net returns from milk 15199 14143 19315 16048 


Note: Income and net returns are in 2007 Kenyan shillings (KSh). 


production is a significant portion of net agricultural net returns; farmers in strata 
with milk production have higher agricultural incomes. Overall, these statistics sug- 
gest that Kenyan maize farms are generally diversified and, as such, it is pertinent 
to analyze the distributional impacts of climate and adaptation measures across all 
types of households. The considerable heterogeneity across Kenyan maize-based 
systems in terms of farm characteristics and management suggests that a “represen- 
tative” farm approach is unlikely to capture the resulting heterogeneity in climate 
impacts. 


Technology intervention for maize-based systems in Kenya 


We analyze the potential adoption and benefits associated with irrigation develop- 
ment, an intervention designed to increase maize yields across the agro-ecological 
zones in Kenya. Increasing the productivity of agricultural water use in Kenya is a 
national priority, given the country’s low water endowment, growing population, and 
changing climate. The country experienced a series of heavy crop losses associated 
with drought in the last three decades. These events have prompted the government 
and development partners to get involved in sensitizing rural resource-scarce small- 
holder farmers, in water-constrained arid and semi-arid lands (ASALs), to adopt 
appropriate agricultural water technologies. Expanding the use of modern irriga- 
tion technology will be fundamental to achieving water productivity because of the 
potential for such systems to increase yields relative to water withdrawals. 

Kenya has a total land area of 58.26 million hectares out of which only 11.65 
million hectares (20%) receive medium to high rainfall, while the rest of the coun- 
try is arid and semi-arid. The land surface potential for irrigation is estimated at 
539,000 ha but only 110,000 ha of the total irrigation potential has been exploited 
(Ngigi, 2002). Kenya also has approximately 600,000 ha suitable for land drainage 
including flood protection of which only 30,000 ha has been exploited. In 2003, irri- 
gation accounted for only 1.5% of the total land area under agriculture but directly 
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contributed an estimated 3% to the GDP (Oduori and Njeru, 2016). It is therefore 
apparent that there is huge potential for irrigation development in Kenya. 

Since 2009, the Kenyan government set out to reduce reliance on rainfed produc- 
tion of food crops by investing part of the economic stimulus funds into rehabilitation 
of major irrigation schemes in the country (GoK, 2013). The government instituted 
in 2013 massive new investments in irrigation as spelt out in the medium-term plan 
(MTP-II 2013-2017), which set a target of one million acres (404,685 ha), half of 
which is under maize to increase supply and hence improve peoples’ livelihoods. The 
most recent focus of the government has been the Vision 2030 program, which aims 
to increase the area under irrigation to 1.2 million hectares by 2030 for increased 
agricultural production (GoK, 2013). 

Efforts to improve agricultural productivity and food security via irrigation exten- 
sion in Kenya target staple foods, and in most parts of the country, this is synonymous 
to ensuring adequate maize supplies. In 2013, Kenya had an annual maize consump- 
tion of 42 million bags and maize consumption is projected to increase at the rate of 
one million bags per year in tandem with population growth. It is also estimated that 
the government spends around US$40-US$65 million annually on famine relief. 
Due to high maize consumption coupled with inadequate supply, there have been 
major investments into irrigated maize production in Kenya in recent years (Valdivia, 
2016). 

In the analysis of potential adoption of irrigation among maize-based farms in 
Kenya, we rely on three sources to determine the feasibility for potential expan- 
sion of irrigation. First, we identify existing irrigation schemes and annual water 
balances in Kenya to analyze the availability of irrigated water for agriculture for 
farms. Next, we combine this information with pixel-level water balances for each 
farm to examine the need for irrigation (Government of Kenya (Gok), 1994). Finally, 
we use information on the location of proposed irrigation schemes and irrigation 
schemes under construction in Kenya to analyze the feasibility of irrigation. These 
data come from the National Investment Profile Water for Agriculture and Energy, 
Kenya (Food and Agriculture Organization (FAO), 2015). There are 81 ongoing irri- 
gation projects and 48 projects in the pipeline across the whole country. Together, 
these three sources of information provide insights on the current state of irri- 
gation for smallholder farms and which farms could see potential benefits from 
irrigation. 

The most significant costs of irrigation are associated with the infrastructure 
maintenance and operating of schemes. Fixed investment costs associated with irri- 
gation schemes include installation costs and costs related to design and study. For 
small-scale irrigation schemes, most of the fixed investment costs are usually paid 
by the government. Under larger irrigation schemes, most of the costs are covered by 
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donors directly or via a loan to the Kenyan government, a small part is paid for by the 
government of Kenya directly, and a small contribution is covered by the beneficia- 
ries of irrigation. Once the irrigation infrastructure is in place, the command area is 
distributed to households. Operating and maintenance costs are assumed to be cov- 
ered by the participating households. Participating households are often organized 
via Water User Associations (WUAs), which are responsible for the management 
of the irrigation scheme. 

To quantify the operating and maintenance costs associated with irrigation on the 
smallholder farms, we utilize a national study on irrigation potential and investment 
return in Kenya by You et al. (2014). This study analyzed small-scale irrigation 
investment needs and potential for irrigation expansion for Kenya based on agro- 
nomic, hydrological, and economic factors. Operating and maintenance costs for 
small-scale irrigation schemes range from $25 to $200, based on the size of the 
scheme. To account for a proportion of costs to fixed investment costs, we assume 
total costs of $100/ha for the management of the irrigation schemes. Costs related 
to supervision and extension support by the regional agriculture offices are not con- 
sidered. 


Representative agricultural pathways 


We use elements from the RAP 5 scenario developed by Chapter 2 in Part 2 to 
characterize future agricultural systems for maize-based systems in Kenya. Section 
2 in Chapter 2 provides more details on how current maize systems are modified for 
this RAP. RAP 5 — “Jua Kali Kenya (Haphazard Kenya)” — represents a future 
with high emissions (RCP 8.5) and unsustainable high growth that comes at the 
expense of the environment (SSP3). Under RAP 5, farmers in the high and medium 
potential zones increase their proportion of maize area compared to the current 
systems. Maize yields increase due to management improvements. Farm and herd 
sizes do not change compared to current systems, but there is increased variation 
as some farms increase their herds, while others decrease. Milk yields improve 
due to improved management and breeding, which leads to increased production 
costs as well. Moreover, milk price increases due to market development. There is 
some degree of crop—livestock integration where households use the outputs from 
livestock activities (e.g., manure) as productive inputs in crop activities (and vice 
versa). 

Overall, average maize net returns are predicted to decrease due to climate 
change across Kenya in the future under RAP 5. These negative economic 
impacts are the result of decreases in maize yields caused by climate change. 
As such, irrigation expansion aims to increase maize yields in future climate 
scenarios. 
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Integrated Assessment Results 


Core Question 2 


We use the DSSAT crop model to predict maize yield changes corresponding to 
irrigation development in Kenya. Table 4 shows the simulated relative yield statis- 
tics for each zone. The farm-level yields are simulated for the historical period 
(1980-2000) under the observed management and under management represent- 
ing the intervention (with irrigation). The relative yield is calculated as the ratio of 
the average yield with irrigation to the average yield with the current management 
for each farm. A relative yield above (below) 1 indicates that the average maize 
yield is higher (lower) with irrigation. 

Simulation results from Table 4 suggest that, on average, irrigation leads to yield 
increases of 140% to 290% across the strata. The highest average relative yield is in 
the low potential zone for farms without milk and the lowest average relative yield 
is in the high potential zone for farms with milk. These relative yield values suggest 
that maize farmers can more than double the current yields with increased water use 
as most farms in the study are rainfed. 

Given the predicted yield increases from irrigation, changes in farm incomes, 
and related costs of irrigation, we use the TOA-MD model to simulate farmers’ 
choice between two production systems: the current system in use and a system 
with technological intervention for given prices and costs of production. The baseline 
system represents the observed maize-based system in Kenya, parameterized using 


Table 4. Observed yields and yields simulated under irrigation using the DSSAT model. 


Observed Yields Irrigated Yields 
Strata kg/ha (2007) Relative Yield kg/ha (DSSAT) 
Low 1287 2.7 3506 
(778) (1943) 
Low milk 1340 29 3850 
(783) (1943) 
Medium 2373 2.3 5504 
(1396) (1990) 
Medium milk 2729 2.1 5733 
(1529) (1851) 
High 2740 1.7 4706 
(1373) (1764) 
High milk 3136 1.4 4342 
(1485) (1599) 
All households 2363 2.0 4771 
(1486) (2045) 


Note: Means observed yields are followed by standard deviations in parentheses. 
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household survey data. We parameterize an alternative system with irrigation; the 
economic differences between these two systems are the net returns from maize. 

For the maize-based systems in Kenya, irrigation is predicted to be adopted by 
58.5% of all farms (Table 5). High potential maize-based farmers see the highest 
adoption rates at 68.4%, followed by the low maize potential strata at about 61%. 
Within each maize potential zone, the adoption rate is higher for the sub-population 
of farms without milk. These relatively higher benefits are likely the result of the 
relative importance of maize in the agricultural portfolio of these farms. These results 
are consistent with the impacts of climate on households across strata from Part 2 
in Chapter 2; i.e., strata with households most vulnerable to climate change are 
the ones who adopt irrigation. Next, given the adoption projections, we calculate 
the treatment effects (in terms of per capita income and poverty) for the farmers 
(Table 5). 

Although the adoption rates for farmers in the medium potential zone are the 
lowest across all strata, the treatment effect on the farmers who do adopt irrigation are 
the highest. In the high potential zone, relatively more farmers adopt irrigation, and 
irrigation leads to higher net returns and reduced poverty. Farmers in the low potential 
zone are predicted to have the highest adoption rates; however, the treatment effects 
of irrigation on these households are the lowest compared to households in other 
zones. Despite the relatively low gains, these gains are sufficient to increase incomes 
for some households out of poverty, as poverty is reduced by 7.5%—16% in this zone 
with irrigation. 

Another important feature of these results is the differences in net gains between 
milk sellers and non-milk sellers across all strata. Households without milk have 
higher adoption rates compared to milk sellers; however, the net gains are relatively 
lower for the former zones. Overall, increased production from yield improvements 
tends to outweigh the excess costs and leads to increases in net returns from maize. 


Table 5. Predicted adoption rates and impacts of irrigation expansion. 


Adoption Change in Per capita Change in Poverty 


Strata Rate (%) Income (%) Rate (%) 
Low 61.8 10.5 —7.5 
Low milk 61.0 13.8 —15.9 
Medium 56.7 26.2 -14.1 
Medium milk 55.6 21.4 —21.5 
High 68.4 25.4 —14.4 
High milk 56.4 15:3 —16.8 


All households 58.5 18.4 —15.0 
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By improving farm net returns, this intervention is expected to increase the per capita 
income and decrease the poverty rate. 


Core Question 4 


Core Question 4 analyses the impacts of potential irrigation expansion in the future 
production systems. In this analysis, System 1 is represented by farm production in 
future scenarios without irrigation and System 2 represents production with irriga- 
tion expansion. Each system is modeled uniquely for each RAP, GCM, and price 
scenario corresponding to RAP 5 as described in Part 2, Chapter 2. The TOA-MD 
model calculates the distributional impacts of the intervention by comparing the 
distribution of farm net returns for each system. 

The System 1 parameters for this analysis are described in the Core Question 
3 analysis in Part 2, Chapter 2. The economic differences between System 1 and 
System 2 are net returns from maize and additional costs associated with irrigation. 
For System 2, maize net returns are based on simulated yield changes that result 
from irrigation expansion in the future scenario. Therefore, System 2 yields are 
calculated using the relative yields from irrigation expansion and by applying the 
relative yield method to net returns from System 1. 

The economic impacts of the intervention across RAP 5 climate and price scenar- 
ios are shown in Table 6. This table shows the predicted adoption rate of irrigation 
and subsequent treatment effects on per capita income and poverty. For the maize- 
based systems in Kenya, 69.5% of all farms are predicted to adopt irrigation, an 
increase of about 10% from analysis of Core Question 2. In other words, irrigation 
is predicted to increase net returns for approximately three-fourths of farms across 
Kenya in the RAP 5 scenario. The strata-level results show increases in net returns 
for most farmers, although there is some heterogeneity in results. High potential 
maize-based farmers see the highest adoption rates at 82%, followed by the low 
maize potential strata at about 67% and medium maize potential strata at about 


Table 6. Predicted adoption rates and impacts of irrigation expansion. 


Adoption Change in Per capita Change in Poverty 


Strata Rate (%) Income (%) Rate (%) 
Low 68.4 21.6 —20.7 
Low milk 64.9 20.8 —26.2 
Medium 61.6 41.5 —34.1 
Medium milk 59.3 38.0 —39.8 
High 79.5 93.2 —53.9 
High milk 84.9 73.3 —56.4 


All households 69.5 44.0 —38.0 
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60%. Similar to the results from analysis of Core Question 2, within each maize 
potential zone, the adoption rate is higher for the sub-population of farms without 
milk, likely because of the relative importance of maize in the agricultural portfolio 
of these farms. 

The RAP 5 results can be analyzed further by looking at the treatment effects 
(in terms of per capita income and poverty) for the farmers. Changes in per capita 
income due to irrigation expansion are significantly higher for farmers who sell 
milk in the high maize potential zone. This result suggests that irrigation could be 
largely beneficial to farmers in this stratum, especially under future climate and 
socio-economic conditions outlined in RAP 5. The yield trend assumptions in RAP 
5 are lowest for the farmers in the high maize potential zone, therefore it is likely 
that marginal improvements in farm management benefit farmers in this zone the 
most. Farmers in low and medium maize potential zones see increases in per capita 
income as well, and these gains are sufficient to increase incomes for 38% of all 
households out of poverty. 

Moreover, although the adoption rates for farmers in the medium potential zone 
are the lowest, farmers in this zone see a 31% reduction in poverty rates. In line 
with results from Core Question 2, increased production from yield improvements 
tends to outweigh the excess costs and leads to increases in net returns for maize 
across all zones. However, irrigation expansion is predicted to have relatively higher 
impacts on farm incomes in future climate scenarios that are relatively more adverse 
to agricultural practices compared to the current climate. Overall, the heterogeneity 
in these results further strengthen the argument for a more disaggregate analysis 
instead of reliance on population mean indicators. 


Conclusions and Discussion 


The objective of this study is to assess ex ante impacts of irrigation expansion as a 
technological intervention on smallholder communities dependent on maize-based 
crop-livestock systems in Kenya. We use an integrated modeling framework for 
this study, combining a gridded crop simulation model and a household dataset 
with a disaggregate farm-level model. A fundamental feature of agricultural house- 
holds is their biophysical and socio-economic heterogeneities. This analysis cap- 
tures the site-specific biophysical processes and farm-level behaviour by stratifying 
farms based on their biophysical and economic environments and using the gridded 
crop simulation output from two iterations of the DSSAT model in the TOA-MD 
framework. 

Another important feature of this framework is the integration of the adoption 
behaviour of farmers and their choices among different systems. By modeling adap- 
tation and adoption of technological intervention measures, we can model shifts 
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in supply from both adopters and non-adopters and the consequent distributional 
impacts. 

Our findings provide important insights into the potential impact of climate 
change and adaptation on maize-based systems in Kenya. A large portion of farms 
in current and future maize-based systems may benefit from irrigation intervention 
aimed at increasing yields in Kenya. By increasing maize yields and subsequent 
farm net returns, irrigation expansion is expected to increase the per capita income 
and decrease the poverty rate. The impacts of irrigation also show significant het- 
erogeneity across zones; for example, farmers in the low potential zone have lowest 
impacts on farm income and poverty despite having the highest adoption rates. Over- 
all, the results suggest that policy interventions aimed at irrigation expansion have 
the potential to improve livelihoods in future maize-based systems of Kenya. 
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Introduction 


Today, the world is, figuratively speaking, much “smaller” than it was about 50 
years ago. Rapid advances in information and telecommunication technologies, as 
well as frequent international discourses, cause our economic, political, and social 
spheres to be more integrated than ever before. In the process, people have come to 
realize that the actions, lifestyles, and consumption levels of individuals not only 
influence the global community but also bear an undeniable impact on our planet’s 
ecological and climatological systems (Bureau for Food and Agricultural Policy 
(BFAP) (2007)). The climatological system has received exceptional attention in 
this regard, as scientists started realizing that factors such as population pressure 
and pollution can have a substantial negative influence on the correct functioning 
of biological and chemical cycles underpinning climatic systems (IPCC, 2007a). 
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Climate change has been declared a major economic threat of the 21st century 
(IPCC, 2007b; United Nations, 2007; Adams, 2008). 

In order to capture such complex biophysical and socio-economic heterogeneities 
and to improve the understanding of the impacts of climate change (CC) on agricul- 
tural outputs at national and regional levels in southern Africa, consistent meth- 
ods and protocols are required. The Agricultural Model Inter-comparison and 
Improvement Project (AgMIP) has developed a range of climate, crop/livestock, 
and economic modeling methodologies, protocols, and tools to enable integrated 
CC assessments. These tools and methodologies can be adapted to different regions 
depending on the data and resources available (Rosenzweig et al., 2013a, 2013b). 
If the AgMIP protocols are used to guide coordinated climate, crop modeling, eco- 
nomics, and information technology research activities, this approach is also known 
as a regional integrated assessment (RIA) (Rosenzweig et al., 2016). The goals 
of AgMIP are to improve substantially the characterization of world food security 
due to climate change and to enhance adaptation capacity in both developing and 
developed countries (Rosenzweig et al., 2012; Rosenzweig et al., 2016). 


AgMIP’s four Core Questions for RIAs 


AgMIP has identified the following core research questions which are to be quanti- 
fied in a manner that will support informed decision-making by various stakeholders 
(Fig. 1) (Antle et al., 2015; Rosenzweig et al., 2016): 


Question I. What is the sensitivity of current agricultural production systems 
to climate change? 


This question addresses the impacts of climate change, assuming that the produc- 
tion system does not change from its current state under current biophysical and 
socio-economic conditions. While this type of analysis can provide some insights 
into potential impacts, its relevance is limited because of the use of current socio- 
economic conditions to quantify impacts. This question also relates to “business- 
as-usual”. 


Question 2. What are the benefits of adaptation in current agricultural 
systems ? 


This question addresses the benefit (e.g., economic and food security resilience) 
of potential adaptation options to current agricultural systems given the cur- 
rent climate. Results also form a basis for comparison with Core Question 4 
below, as the proposed adaptations may have a higher benefit when the climate 
changes. 
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Fig. 1. An overview of core climate impact questions and the production system states that will be 
simulated depict contrasting situations where climate change has a detrimental impact (left) with those 
in which climate change has a beneficial impact (right), where the dashed line shows representative 
agricultural pathways (RAPs), quantified scenarios for projecting future production. 


Source: Rosenzweig et al., 2016. 


Question 3. What is the impact of climate change on future agricultural 
production systems? 


This question evaluates the impacts of climate change on the production sys- 
tem that is projected for a future world without climate change. In contrast to 
the analysis done for Question 1, the analysis is carried out under biophysical 
and socio-economic conditions projected into the future with and without cli- 
mate changes. This type of analysis is more relevant to understanding climate 
impacts and thus the potential benefits of adaptation, but is more challenging 
because all of the relevant variables affecting the systems must be projected into the 
future. 


Question 4. What are the benefits of climate change adaptations? 


This question addresses the design of adaptation options for the future production 
systems, the degree to which they would be likely to be adopted, and the economic, 
environmental, and social outcomes that would be associated with their use. These 
adaptations are designed to offset the adverse impacts of climate change (Fig. 1a) 
or take better advantage of positive impacts (Fig. 19). In order to keep track of the 
changes in the systems in terms of climate and management, a figure is presented 
at the beginning of each core question with the section highlighted being the theme 
of the discussion. 
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Table 1. Percent urban population of selected African countries. 


Percent Urban Percent Urban 
Country Population Country Population 
South Africa 65 Kenya 26 
Botswana 58 Tanzania 32 
Lesotho 28 Malawi 16 
Swaziland 21 Ghana 55 
Namibia 48 Mali 41 
Zimbabwe 32 Senegal 44 
Mozambique 33 Niger 19 


Source: World Bank, 2017. 


Crop production in South Africa and Botswana in context to food security 


Although it is a multidimensional phenomenon, which is often difficult to define and 
understand, food security in southern Africa (defined here by Botswana and South 
Africa) is largely about direct or indirect access to cash to purchase food. This is 
the result of a rapidly urbanizing population where 58% and 65% of the respective 
countries’ populations currently reside in urban areas. This is in large contrast to 
other African countries were much of the population resides in rural areas (Table 1). 

In South Africa, 38,000 commercial farmers account for ~95% of South Africa’s 
locally produced food, the remaining 5% being produced by the country’s 220,000 
emerging farmers, while 1.3 million individuals indicated some form of agricultural 
activity in the 2011 census (StatsSA, 2012; Commercial Farms Ensure SA Food 
Security, 2012). Poor households access their food mainly from three sources, such 
as the market, subsistence production, and transfers from public programs or other 
households. In the past, rural households produced most of their own food, whereas 
urban households purchased most of their food. 

However, recent studies have shown an increase in dependence on market pur- 
chases by both urban and rural households, in some cases reaching 90% of the food 
requirements (Maxwell et al., 1998; Ruel et al., 1998). Consequently, food expen- 
ditures can be as much as 600%-80% of the total household income for low-income 
households in some parts of Sub-Saharan Africa (SSA) (Ruel et al., 1998; Baiphethi 
and Jacobs, 2009). This could be mitigated, especially for those most vulnerable rural 
food-insecure households, by the promotion of subsistence/smallholder production. 
Therefore, production of food for self-provisioning must significantly increase as a 
fallback against a backdrop of increasing inflation and proliferating cash needs for 
both urban and rural poor households (Ardington and Lund, 1996; Aliber and Hart, 
2009). 

The main staple grain in SSA is maize. In South Africa, however, a distinction 
is made between white and yellow maize. While yellow maize is used mainly for 
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animal feed, itis white maize that is used for human consumption. South Africa is the 
main regional exporter of both white and yellow maize. Annual exports to Swaziland, 
Mozambique, Botswana, and Namibia have relatively fixed volumes. South Africa 
exports to those counties even if it must import for its own consumption (Trends in 
Agriculture, 2016). All these export countries do produce their own maize, however, 
mostly in small-scale and subsistence farming systems that often do not have high 
productivity. For example, in Botswana only the narrow corridor on the south- 
eastern side and northern part of the country is more suitable for agriculture. Other 
crops that are grown for domestic consumption in both Botswana and South Africa 
include sorghum and roots or tubers such as sweet potatoes and legumes such as 
cowpeas. 

Southern Africa is highly vulnerable to climate change effects, because of the 
variable nature of the region’s rainfall frequency and volume. Southern Africa is 
also susceptible to variations in climate induced by global sea surface temperature 
(SST) anomalies. In particular, El Nifio events in the east tropical Pacific lead to 
negative departures from the norm with respect to rainfall (droughts), while La Niña 
events tend to enhance rainfall amounts (floods). Therefore, it is important to devise 
and evaluate workable adaptation strategies for both smallholder and commercial 
farmers in the region to cope both with climate variability and climate change. 

To continue meeting the increasing demand for affordable food, at local and even 
regional levels, commercial farmers in southern Africa are expected to be tested by 
the emerging impacts of climate variability and climate change on production as 
well as volatility in the global markets, excessive fluctuation in exchange rates, and 
ever-increasing input costs of fuel, fertilizer, and labour. The Free State of South 
Africa is considered to be the Staple basket of the country and produces much of 
the country’s maize, wheat, sunflower, soybeans, dry beans, and groundnuts. The 
challenge for small-scale and subsistence farmers in South Africa and Botswana 
lies in producing sufficient quantity and quality of food to meet the need to feed 
the family between harvests so that they do not have to buy additional food (maize 
meal) from supermarkets or local shops but rather have an excess to sell (Gouse 
et al., 2005). 


Setting the scene 


In this study, AgMIP-consistent methods and protocols were intended to be tested at 
two scales, a local scale and a regional scale. For the local scale, with a methodology 
in terms of the AgMIP protocol that is referred to as a “matched case” scenario, an 
assessment of the impact of climate change was attempted using household data from 
100 small-scale farmers from two crop-producing regions in Botswana. However, 
the available economic data were determined to be not sufficient and owing to this 
the local scale RIA was not completed for Botswana. 
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For the regional scale without household data, a different method was developed 
to estimate the impact of climate change for the main summer and winter field 
crops in commercial farming systems of the Free State province of South Africa for 
production and net returns. This “unmatched case” scenario (see also AgMIP RIA 
Protocols, V.7) involved using a Geographic Information System (GIS) to organize 
inputs for both crop and economic models for the whole province. 

The aims of the study were to: 


e Test climate projection uncertainties; 

e Investigate multi-crop model uncertainties; 

e Develop RAPs in consultation with stakeholders; 

e Develop adaptations using stakeholder inputs; 

e Address four core questions of climate impact on current and future production 
systems; 

e Present key indicator outputs to stakeholders in context to food security; and 

e Develop a supplementary framework using a GIS that would use alternative 
sources to substitute the required household survey data, but which is still able to 
deliver to the methods and protocols of an RIA. 


Description of Farming Systems Investigated 


Free State 


The Free State is one of the nine provinces of South Africa and is centrally located. 
It represents 10.6% of the total land area of the country. The province covers an area 
of 129,464 km?. In 2011, the province had a population of 2.7 million with four 
district municipalities and one metropolitan municipality. 

Agriculture dominates the Free State landscape, with cultivated land covering 
32,000 km?, and natural veld and grazing a further 87,000km7* of the province 
(Fig. 2). Field crops provide almost two-thirds of the gross agricultural income 
of the province of which maize is the most important covering over 66% of the 
available cropping area (Fig. 3). Animal products contribute a further 30%, with the 
balance generated by horticulture. Crops are predominantly produced in commercial 
farming systems (Fig. 3). Thus, in this study the focus was on the commercial crop 
production enterprises in the Free State. The small-scale/emerging cropping sector 
was not included due to lack of information and its relatively small contribution to 
national production (Fig. 3). 

About 51% of the total national white maize production, which is mainly used 
for human consumption, and 32% of yellow maize, which is predominantly used 
for animal feed, is produced in the Free State (Fig. 4). Soybeans and dry beans are 
produced mainly in the higher rainfall and cooler areas of the eastern Free State and 
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Fig.2. The province of Free State, showing 18 local municipal districts (light black lines), arable fields 
(tan), regions with pivot irrigation (purple), and regions of smallholder farming (pink; predominantly 
the Mangaung local municipality). 


Proportion of area planted to different Commercial versus Subsistence agriculture 


crops in the Free State (2010 season) for maize production in the Free State of 
South Africa (average 2005/06 to 2008/09) 


10% 


B Maize = Sunflower @ Soybeans 
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Fig. 3. Proportion of area planted to different crops in the Free State for the 2009/10 growing season 
(left) and proportion in maize production from commercial versus small-scale averaged over four 
growing seasons for the Free State of South Africa (right). 


Source: DAFF, 2010. 
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Per cent Contribution of Crop of Interest Produced in the 
Free State to the Total National Production 
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Fig. 4. Contribution of the different crops planted in the Free State province of South Africa simulated 
in the study to total national production. 


Source: DAFF, 2010. 


sorghum mainly on the heavy clay soils of the north-eastern Free State. Sunflower 
and wheat are cultivated in rotation with maize in the central and eastern Free State, 
while groundnuts are also part of the farming system in the north-western Free 
State. In the past decade, farmers have been changing from a predominantly maize 
monoculture to conservation agriculture that includes crop rotation and no/low till 
to enhance soil fertility, as well as managing pests, weeds, and diseases (Craven and 
Nel, 2017). 

In terms of production area and yields (Fig. 5), it is noticeable that for both 
maize and wheat there is a decrease in total area under production, while yields 
have increased significantly. The yields for sorghum have been relatively stable, 
but the area under production has declined markedly. By contrast, the areas under 
soybean and sunflower have increased. It must be noted that the maize market was 
deregulated in 1996 and the wheat market in 1997. The only government intervention 
in the market is a tariff on wheat imports. The South African government provides 
no direct or indirect subsidies to commercial farmers to support or stimulate food 
production (Hall, 2009). 

Food consumption patterns in South Africa have changed markedly over the past 
decades and likely will continue to change over the coming decades (Ronquest- 
Ross et al., 2015). Of the estimated 693,196 households in the Free State only 
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Free State, Sunflower Production: 1988 - 2017 
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Fig. 5. Free State production areas and yields in the recent past. Upper — maize; middle — wheat; 
bottom — sunflower; top (next page) — soybean; bottom (next page) — sorghum. 


Source: DAFF, 2018. 
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Free State, Soybean Production: 1988 - 2017 
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Fig. 5. (Continued) 


30,219 (4%) farm for their main source of food, while 65,450 (9%) farm for sup- 
plementary food (StatsSA, 2012). Various food-related studies conducted over the 
past few decades indicate that food consumption shifts in South Africa have been 
towards a more western-orientated diet, with nutritional consequences contributing 
to increased obesity and other non-communicable diseases (Bourne et al., 2002; 
MacIntyre et al., 2002; Charlton et al., 2005; Kruger et al., 2005). 

After apartheid was abolished in 1994, certain changes occurred in South Africa 
that markedly affected food consumption patterns, and will continue to do so, 
because of shifts in food availability, accessibility, and choices (Temple and Steyn, 
2011). Among others, there has been significant growth of supermarkets, which 
account for about 50%-—60% of retail sales, while rising urbanization and grow- 
ing per capita incomes are expected to double the demand for high-value foods, 
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such as dairy, meat, fresh fruits, vegetables, and processed, packaged, and prepared 
foods (Battersby and Peyton, 2014). Total food expenditure has increased for fruits 
and vegetables and processed foods, such as spaghetti and oven-ready meals, while 
expenditure on maize and wheat flour has declined ((StatsSA, 2008); Goldblatt 
(2009) (2012); BFAP, 2013). 

For South African women, who do most of the household grocery shopping, 
the most important consideration when choosing a food item is the price. Taste, 
health, nutrient content, safety and hygiene of the food item, and ease of preparation 
(in descending order) are usually considered only after price (Nielsen, 2012; Shisana 
et al., 2014). 

From a production perspective, the use of grains, especially maize, has undergone 
changes. In the past, maize was produced and mainly consumed as a staple food. 
Currently, the trend is towards its use in animal feeds for livestock and poultry 
(Sihlobo, 2017). Considering the change in area under production for certain crops 
over the past years in relation to food consumption patterns, and the influence of 
the free trade, it becomes apparent that farmers have adapted to the new challenges 
both in the product demand and profitability. For example, farmers have decreased 
wheat plantings, as they are not profitable in relation to the subsidized imports 
and have increased the production of commodities associated with a western diet, 
such as sunflower that is used for edible oil and margarine production (NAMC, 
2005). Soybean plantings have also increased significantly to produce oilcake that 
is used in the animal feed industry to produce both “white” and “red” meat (NAMC, 
2007). 

Given the current challenges in commercial agriculture, such as droughts, floods, 
policy uncertainty, farm attacks, high input costs, wage increases, and new pests 
and diseases, one of the key questions is whether the Free State can still remain the 
Staple-basket of South Africa under a changing climate. 


Botswana 


Botswana is a landlocked, arid to semi-arid country located in the southern part 
of Africa, covering an area of 582,000 km? with about a population of 1.7 million. 
Botswana’s climate is subtropical desert, with low rainfall (250-600 mm per annum) 
and temperatures varying widely from day to night and summer to winter. With dry 
sandy soils across much of the country and low rainfall, Botswana’s land is generally 
unsuitable for crops and many food items are imported. However, a narrow corridor 
on the south-eastern and northern parts of the country is considered suitable for 
cropping (Fig. 6). The Maun region (North) has a higher rainfall and better soils 
in terms of soil organic matter than the Southern region (< 350mm per annum). 
Data from a survey of 100 small-scale farmers were used in the study. The impact 
of climate change was analyzed for maize, sorghum, cowpea, and millet (Fig. 7). 
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Fig. 6. Position map of Botswana indicating the study regions. 


Northern region 70000 ha : 
Mize zoom Southern region —s5ra 
65 ha 19% Pulses Pearl millet 
9 
Pearl millet 20% 1% 
37% 
1800 ha 
Sorghum 
12% 
70000 hal 
Maize 
79 
3000 ha 7800 ha 67% 
Pulses Sorghum 
11% 33% 


mMaize mSorghum @Pulses »Pearl millet wMalze mSorghum wPulses mPearl millet 


Fig. 7. Area planted (ha) by type of crop in the Northern region (Maun) (left) and Southern region 
(right) of Botswana. 


Source: Annual Agricultural Survey Report, 2009. 


The agricultural sector in Botswana covers both crops and livestock production. 
Traditional farming is the most dominant in terms of number of people involved and 
the geographical coverage. Botswana crop production system has been the most vul- 
nerable part of the agricultural sector due to its heavy reliance on rainfall. Because 
of low and erratic rainfall, and relatively poor soils, arable production is a high-risk, 
rainfed system with low productivity. The decline in rainfall and rise in extreme 
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weather events pose a unique challenge to the agricultural sector as it puts to the test 
many of the systems that have been in place over decades. The agricultural sector was 
identified as one of the most vulnerable to climate change in Botswana (Department 
of Meteorological Services, 2011). The production of cereal grains (mainly sorghum 
and maize) varies considerably from year to year, dependent almost entirely on rain- 
fall with annual production averaging 46,000 tonnes, fluctuating between 8200 and 
175,000 tonnes (Statistics Botswana, 2012). Crop production continues to experi- 
ence limits on its growth posed by recurring droughts, limited skills, inadequate 
market access, marketing facilities, and inadequate use of improved technology. 
About 70% of rural households derive their livelihoods from agriculture, through 
subsistence farming. Crop production is mainly based on rainfed farming. Agri- 
culture is dominated by small traditional farms with an average size of 2 to Sha 
(Statistics Botswana, 2012). In such water-scarce country, irrigation presents oppor- 
tunities for increased food security. With rainwater harvesting and saving techniques, 
improved tillage practices and drought-tolerant improved cultivars for small-scale 
farmers would be relevant adaptation strategies to the climate change effects. 


Key Decisions and Stakeholder Interactions 


Stakeholder engagement 


Just as complex as the farm typologies found within southern Africa are the 
stakeholders involved in the farming systems and climate change initiatives. The 
stakeholder engagement in this study was not focused on the farmers per se, but rather 
the intermediary, managers, and policy makers who are responsible for the long- 
term planning programs. The approach to stakeholder engagement was based upon 
specific objectives and purposes, mainly data collection, message refinement, and 
dissemination. Stakeholders were engaged individually and in groups. The engage- 
ment was primarily for data collection and reflection on emerging messages to 
ensure model relevance — and to foster the uptake of project outputs and longer- 
term relationships. 

Participatory workshops were used to engage a wide range of stakeholders in 
order to solicit input for the RAPs and to identify adaptation package priorities. The 
feedback was translated into input for crop and economic model simulations. 

The facilitated workshops engaged stakeholders in refining key messages and 
identifying areas where the information could be useful and pointing out potential 
platforms for further dissemination. Workshops were also used by the AgMIP’s 
regional team, Southern African Model Intercomparison and Improvement Project 
(SAAMIP) team, as a platform for sharing results, identifying what stakehold- 
ers were doing in relation to climate change, and exploring areas for further 
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Fig. 8. Left top and bottom photos representing the traditional workshop approach; and, Right top 
and bottom photos the theatre approach. 


collaboration. In general, stakeholders seemed to be more interested in the inter- 
annual variability of yields than in the spatial variability. 

Theatre was adopted as an alternative approach to stakeholder engagement 
(Fig. 8). A theatre group of seven actors, all from previously disadvantaged commit- 
tees, was established to disseminate the outcomes of the research project. The the- 
atre was designed to clarify AgMIP’s value-add in a crowded and complicated space 
(climate change modeling) and was used to target dissemination to affected groups. 
The group performed at stakeholder workshops in South Africa and Botswana. 
Stakeholders from both countries rated the theatre as a major highlight of AgMIP. 
The following are some examples of comments: 


It took theatre for me to understand what this project is all about. 


A participant in South Africa. 


Theatre is very useful in making science simple and the concept of climate change self- 
explanatory. 


A participant in Botswana. 
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Representative Agricultural Pathways 


Addressing climate change, while also tackling other more urgent policy priorities, 
such as poverty eradication and enhancing the overall quality of life, remains a 
dilemma for developing countries (Jakob et al., 2014). Our present-day uncertainties 
will be amplified in the future due to changes in drivers in the local and global 
environments. 

In South Africa, forecasting and plausible future scenario development have 
been part of agricultural planning because commercial farming systems, due to their 
high financial inputs, require long-term planning strategies. A key organization that 
annually delivers 10-year projections is the BFAP that since 2005 has published a 
series of baseline agricultural outlooks (BFAP, 2016). Although the outlook does 
not cover the time period of the current study (2040-2070), the outlook for the next 
10 years reflects the sentiment at the time and how industry players see the near 
future. 

The Department of Environmental Affairs in South Africa (DEA) through the 
Long-Term Adaptation Scenarios Flagship Research Programme (LTAS, 2014) 
undertaken from 2012-2014 has also aimed to respond to the South African National 
Climate Change Response White Paper (NCCRP), (DEA, 2011) by developing 
national and sub-national adaptation scenarios for South Africa under plausible 
future climate conditions and socio-economic development pathways. This indi- 
cates that in South Africa both the private and government sectors are aware of the 
possible negative effects of climate change and the associated global disruptions it 
may cause. 

In the first phase of the AgMIP study undertaken in South Africa, the AgMIP 
methodology was tested for one Free State district, viz., Bethlehem, with one crop, 
viz., maize, and one RAP, viz., moderate sustainable growth (“business-as-usual’’) 
scenario, with five GCMs (Beletse et al., 2015). The aim of the present study is to 
scale up, i.e., extend, the spatial extent to the entire Free State, simulating yields for 
five crops and exploring the impact of the five GCMs linked to two plausible futures 
(RAPs): 


e RAP 4 (Economic-Environmental trade-off with sustainable low growth) 
linking to SSP1 (low challenging, sustainability) to medium greenhouse gas emis- 
sion (GHG) scenario RCP 4.5 (representative concentration pathway (RCP)) and 

e RAP 5 (Economic-Environmental trade-off with unsustainable high growth) 
linking to SSP3 (high challenging, fragmentation) to a high GHG emission sce- 
nario RCP 8.5 (O’ Neill, 2012, 2014; Valdivia et al., 2015). 


In consultation with scientists and stakeholders, and taking ideas from the LTAS 
(LTAS, 2014), the proposed scenarios for RAP 4 and RAP 5 were disused and 
unpacked in the regional context at AgMIP’s regional teams’ meeting (SAAMIP), 
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Table 2. Characterization of future pathways under RAP 4 and RAP 5. 


RAP 4 RAP 5 

Pap, Vleis, and Gravy Skorokoro 

Sustainable World Dysfunctional World 

Low carbon green economy with sustainable A rocky road with high growth extractive 
growth — Focus on conservation agriculture. primary — Tragedy of the commons — Everyone 


can use but all will share in the abuse. 


e Renewable energies e Export markets limited 

e Good governance e Authoritarian government 

e Changes in tax structure e Government objective: Agriculture should be 
a service provider to the poor, job creation 

e Climate-smart agriculture e Commercial agriculture consists of large, high 
intensity farms (industrialized) 

e Healthy ecosystems e Job shedding, urbanization. Influx from neigh- 


boring countries 

e Less foreign investment 

e Investment high cost non-green energies (e.g., 
nuclear) 


and are presented in Table 2. RAP 4 represents the so-called Pap, Vleis, and Gravy 
(i.e., “porridge, meat, and gravy”) of the sustainable world, with a future focused 
on conservation agriculture. RAP 5 is the Skorokoro scenario of the dysfunctional 
world, meaning worn and ragged beyond its years, where we have the case of the 
“tragedy of the commons” where everyone can use, but all will share in the abuse 
of the ecosystem. 

Elements from the RAP narratives were used to specify changes to be simu- 
lated using both crop and economic models as per AgMIP protocol (Valdivia et al., 
2015; Antle and Valdivia, 2015) Table 3 quantifies the parameter changes under 
each RAP for the economic analysis. Some of the changes were developed based 
on the outlooks discussed in stakeholder meetings. Other changes were based on 
trends from the International Food Policy Research Institute’s (IFPRI) International 
Model for Policy Analysis of Agricultural Commodities and Trade IMPACT) model 
(Rosegrant et al., 2008; Robinson et al., 2015). The IMPACT model is a global 
model that predicts future prices, yields, areas, and total production for several 
commodities at the country level. The model provides global baseline projections 
based on different SSPs. An SSP is a projection of how global society, demographics, 
and economics might change over the next century. 

Table 4 presents field-level changes in the crop modeling components for both 
RAPs applied to all crops simulated. In South Africa a distinction was made between 
the different pathways but for Botswana, because the cropping area is so small, both 
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Table 3. Quantification of parameter changes for each RAP for the economic analysis of the impact 
of climate change (2040-2070) in the Free State. 


Pap, Vleis, and Gravy Skorokoro 
RAP 4 RAP 5 
Trend Description Trend Description 

Household size — From discussions in — From discussions in 

stakeholder meetings stakeholder meetings 
Off-farm income — From discussions in — From discussions in 

stakeholder meetings stakeholder meetings 
Farm size — Based on area expansion — Based on area expansion 

or retraction per or retraction per 

cropped area per farm cropped area per farm 

Area 

Groundnut 1.565 IFPRI IMPACT trend 1.973 IFPRI IMPACT trend 
Maize — irrigated 1.433 IFPRI IMPACT trend 1.624 IFPRI IMPACT trend 
Maize — dryland 0.753 IFPRI IMPACT trend 0.736 IFPRI IMPACT trend 
Dry beans 1.087 IFPRI IMPACT trend 1.055 IFPRI IMPACT trend 
Sunflower 0.777 IFPRI IMPACT trend 0.779 IFPRI IMPACT trend 
Sorghum 1.147 IFPRI IMPACT trend 1.296 IFPRI IMPACT trend 
Soybean 0.884 IFPRI IMPACT trend 0.804 IFPRI IMPACT trend 
Wheat — irrigated 1.433 IFPRI IMPACT trend 1.384 IFPRI IMPACT trend 
Wheat — dryland 0.683 IFPRI IMPACT trend 0.753. IFPRI IMPACT trend 


Price without Climate Change 


Low High Low High 
Maize 1.000 1.506 IFPRI IMPACT trend 1.000 1.367 IFPRI IMPACT trend 
Sorghum 1.000 1.386 IFPRI IMPACT trend 1.000 1.525 IFPRI IMPACT trend 
Soybeans 1.000 1.974 IFPRI IMPACT trend 1.000 1.448 IFPRI IMPACT trend 
Sunflower 1.000 1.222 IFPRI IMPACT trend 1.000 1.154 IFPRI IMPACT trend 
Wheat 1.000 1.239 IFPRI IMPACT trend 1.000 1.301 IFPRI IMPACT trend 
Groundnut 1.000 1.087 IFPRI IMPACT trend 1.000 1.375 IFPRI IMPACT trend 
Dry beans 1.000 0.998 IFPRI IMPACT trend 1.000 1.038 IFPRI IMPACT trend 


Price with Climate Change 


Low High Low High 
Maize 1.060 1.596 IFPRI IMPACT trend 1.145 1.566 IFPRI IMPACT trend 
Sorghum 1.173 1.625 IFPRI IMPACT trend 1.194 1.821 IFPRI IMPACT trend 
Soybeans 1.206 2.380 IFPRI IMPACT trend 1.296 1.877 IFPRI IMPACT trend 
Sunflower 1.211 1.480 IFPRI IMPACT trend 1.282 1.479 IFPRI IMPACT trend 
Wheat 1.211 1.501 IFPRI IMPACT trend 1.317 1.713 IFPRI IMPACT trend 
Groundnut 1.331 1.446 IFPRI IMPACT trend 1.435 1.974 IFPRI IMPACT trend 
Dry beans 1.100 1.098 IFPRI IMPACT trend 1.118 1.160 IFPRI IMPACT trend 
Costs 
Seed 1.06 Expert opinion 1.08 Expert opinion 
Fertilizer 1.06 Expert opinion 1.08 Expert opinion 
Lime 1.06 Expert opinion 1.08 Expert opinion 


(Continued) 
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Table 3. (Continued) 


Pap, Vleis, and Gravy Skorokoro 
RAP 4 RAP 5 
Trend Description Trend Description 
Fuel 1.06 Expert opinion 1.08 Expert opinion 
Repair costs 1.06 Expert opinion 1.08 Expert opinion 
Herbicides 1.06 Expert opinion 1.08 Expert opinion 
Insecticides 1.06 Expert opinion 1.08 Expert opinion 
Input cost insurance 1.06 Expert opinion 1.08 Expert opinion 
Grain price hedging 1.06 Expert opinion 1.09 Expert opinion 
Crop insurance 1.05 Expert opinion 1.10 Expert opinion 
Production credit interest 1.05 Expert opinion 1.09 Expert opinion 


Other overhead costs 1.08 Expert opinion 1.10 Expert opinion 


Table 4. Crop modeling components incorporated into RAPs. 


Pap, Vleis, and Gravy Skorokoro 
Country RAP 4 RAP 5 
South Africa e Increase of residue from e Slight increase in stable soil 
100kg ha! to 2500 kg ha! organic carbon because of soil 
e Decrease in stable soil organic degradation 
carbon due to conservation e Higher drought tolerance due to 
agriculture better rooting depth of cultivars 


e Higher drought tolerance due to 
better rooting depth of cultivars 


Botswana Northern Region Southern Region 
e Heat-tolerant cultivar changing e Heat-tolerant cultivar changing 
the effect of temperature on the effect of temperature on 
relative grain filling rate relative grain filling rate 
e 50% increase in nitrogen fertilizer 50% increase in nitrogen fertilizer 
e Drought tolerance increases soil e Drought tolerance increases soil 
rooting depth rooting depth 


futures were agreed to have the same outcome. In order to keep the modeling simple, 
due to the large number of simulations required in the South African component of 
the study, it was decided not to differ the RAPs for the different crops (i.e., maize, 
sorghum, wheat, sunflower, soybean, groundnut, and dry bean). 

Although the Trade-off Analysis Model for Multi-Dimensional (TOA-MD) sim- 
ulates a whole farm production system, which is represented by either/or crop, live- 
stock, or aquaculture sub-systems and the farm households, in this study for the South 
African economic analysis only the cropping sub-system was evaluated. Thus, in 
this study, the “farm” refers to the cropping enterprise. Although it is recognized that 
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livestock (sheep, goat, and cattle for meat production) plays an important role in the 
farming systems of both the Free State of South Africa and Botswana, the livestock 
component was not included in this study as the current livestock model, available 
through the AgMIP’s RIA framework, LivSim (Rufino et al., 2009), focuses mainly 
on milk production. Livestock production systems in the Free State of South Africa 
and Botswana are free-ranging small and large ruminants for meat as well as game 
for trophy hunting. Possible further expansion of the AgMIP methodology could 
include rangeland and other livestock models. 


Adaptation Packages 


Although many challenges related to the exposure to climate variability and change 
are found in both commercial and small-scale farming communities, weak agricul- 
tural policies, limited governmental support, and theft are common to both (Wilk 
et al., 2013). However, their adaptive capacities are vastly different. 

Small-scale farmers are more vulnerable due to the difficulties in financing the 
high input costs (Ortmann and King, 2007; Sebopetji and Belete, 2009), the high cost 
of improved seed varieties (Gouse et al., 2005), and the lack of mechanical farming 
implements (Kirsten and Sartorius, 2002). They have limited access to information 
such as e.g., agricultural techniques for water and soil conservation (Tsubo and 
Walker, 2007; Zere et al., 2007). Small-scale farmers often have a limited tradition of 
long-term planning (Andersson et al., 2009). In addition to temperature and drought- 
related challenges (Quinn et al., 2011), small-scale farmers are concerned about 
soil erosion, waterlogging, and livestock diseases (Masika et al., 1997; Le Roux 
et al., 2007), challenges for which the commercial farmers already have efficient 
adaptation strategies in place. 

The major obstacle hindering commercial farmers with future planning is the lack 
of clear directives from the government, e.g., regarding issuing of water licenses, 
trade agreements, land reform, and infrastructure maintenance, such as roads and 
water channels (Hendriks, 2014). It was found that adaptations could be ordered 
into the following three categories: 


1. Agronomic adaptation: Changes to on-farm management decisions that do not 
necessitate huge financial investment. 

2. On-farm economic adaptation: Changes to on-farm management that require 
an investment. 

3. Policy intervention: Changes to the policy that allow farmers to better cope with 
climate change/variability. 


Adaptation packages developed to mitigate the effects of climate change for both 
commercial and small-scale farmers should not only relieve the gradual effects of 
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Table 5. Adaptation packages developed for South Africa and Botswana for the current 
and future climatic conditions. 


Current World 
(1980-2010) 
Core Question 2 


South Africa 


Future 


World 


(2040-2070) 
Core Question 4 


Technological Interventions Crop Modeling 


e Best available genetic material 
(high-yielding cultivars) by increasing 
seed size and seed growth rate 


e Best available genetic material (high-yielding 
cultivars) by increasing seed size and seed 
growth rate 

e Heat-tolerant cultivars — changing the effect of 
temperature on relative grain filling rate 

e Deferred planting dates. Planting days were 
advanced with two weeks. 


Technological Interventions Economic Modeling 


Off-farm income 1.05 
Seed 0.98 
Fertilizer 0.98 
Lime 0.98 
Fuel 0.98 
Repair costs 0.98 
Herbicides 0.98 
Insecticides 0.98 
Input cost insurance 0.98 
Botswana 
Current World Future World 
(1980-2010) (2040-2070) 


Core Question 2 Core Question 4 


RAP 4 and RAP 5 


Northern Region Southern Region 


e Planting three weeks earlier 

e Zero tillage leaving 100% of 
the stover on the soil surface at 
planting 


e Zero tillage leaving 75% of the stover 
on the soil surface at planting and 
increasing the initial soil water 
content within the 0—45 cm top soil 
depth at planting up to 12-15% 
volumetric water content 


e 1000kgha7! 
stover at planting 


climate change, such as changing temperatures and rainfall patterns, but also lessen 
shocks to the systems such as those caused by prolonged drought or increased heat 
waves or cold spells. 

Table 5 presents adaptations that were simulated using the crop and economic 
models for South Africa and Botswana under current (Core Question 2) and future 
climatic conditions (Core Question 4). For South Africa, just as for the RAPs, it was 
decided not to develop adaptations that were region- or crop-specific. However, two 
different adaptations were developed for the two regions in Botswana even though 
they did not differentiate between RAPs. 
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Data and Methods of Study 


Climate 


The southern African cropping environment is characterized by a marked intra- 
seasonal and inter-annual variability of rainfall. Thus, rainfall is to a large extent the 
most important factor in determining potential agricultural activities and suitability. 
A major driver of climate variability is the Southern Oscillation Index, which is 
associated with a broad band of variability throughout southern Africa (Tyson, 1986). 
In southern Africa, El Nifio events are commonly marked by a decrease in rainfall 
events, while La Niña tends to increase rainfall. The frequency, intensity, and spatial 
distribution of these events are of great concern. During strong El Nifio years (e.g., 
1991/1992 and more recently in 2015/2016; see also Fig. 5), the rainfall over most 
of southern Africa was severely depressed, leading to a widespread crop failure that 
had severe socio-economic implications (Moeletsi et al., 2011; BFAP, 2016). 

Another important factor is the dry spell frequency during the rainy season. Mid- 
summer droughts (2-3 weeks with mean daily rainfall less than 1 mm) can occur 
from mid-December to mid-February. These short droughts can have a significant 
negative effect on crop yields depending on the crop phenological development 
stage (Beukes et al., 2004). 

Rainfall variability and distribution introduces an inherently high risk at many 
time scales, especially in transitional zones of widely differing seasonality and 
amount of rainfall. These transitional zones seem particularly sensitive and vul- 
nerable to geographical shifts in climate (Schulze, 2010). Most of the crops in the 
Free State and Botswana are planted in these transitional zones were the average 
annual rainfall is just enough to sustain the crop (350-500 mm per annum) and the 
rainfall distribution over the season is just as important as total rainfall. Deterring 
crop production is the exceedingly high atmospheric demand, i.e., the potential evap- 
oration, at 1400-3000 mm per annum. This coupled with unreliable rainfall often 
results in semi-arid conditions due to high evaporation rates alone, despite often 
adequate total annual rainfall (Annandale et al., 2011). 


Baseline climate 


Both Botswana and South Africa are in the southern hemisphere, have summer 
crop plantings that usually occur in October/November (year i), and have crops 
being harvested in the following year around March/April (year i + 1). In order to 
simulate 30 agricultural cycles as per the AgMIP protocol, 31 years of climate data 
are required. 

In this study, the Free State Province’ climatology was extracted from the Uni- 
versity of KwaZulu-Natal’s Quinary Catchments Database (QCDB) as described 
by Schulze. (2007). This climate dataset provides daily values of minimum and 
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maximum temperatures, solar radiation, as well as rainfall from 1950 to 1999 
(Schulze et al., 2007). The QCDB was compiled using the best available records and 
various approaches of gap filling and bias corrections, including quality/consistency 
checks to a continuous daily climate database covering the 50-year period 1950 to 
1999 (Schulze et al., 2011). In total, the QCDB consists of 5838 Quinary Catch- 
ments covering South Africa, with 548 catchments represented as spatial polygons 
covering the Free State. 

As the AgMIP protocol requires climate data for the baseline period 1980-2010, 
the data not covered by the QCDB were filled with bias-corrected Agricultural 
Modern-Era Retrospective Analysis for Research and Applications (AgMERRA) 
grid cell data (Ruane et al., 2015). The AZMERRA climate forcing dataset provides 
a daily, high-resolution, continuous, meteorological data series over the 1980-2010 
period and was designed for applications examining the agricultural impacts of 
climate variability and climate change. The dataset combines daily resolution data 
from retrospective analyses (the MERRA and the Climate Forecast System Reanal- 
ysis (CFSR)) with in situ and remotely sensed observational datasets for tempera- 
ture, precipitation, and solar radiation (Ruane et al., 2015). The dataset has global 
coverage. 

A spatial representation of the baseline (1980-2010) growing season’s (October 
to March) mean temperature (°C), total rainfall (mm), and number of rainy days over 
the Free State is presented in Fig. 9, These maps indicate a temperature and rainfall 
gradient from east to west, with the eastern Free State being cooler and wetter than 
the western parts. 

For Botswana, the study-relevant locations were selected based on the Annual 
Agricultural Survey Report (2009). Despite the availability of — and access to — 
climate, soil, and management data, the quality and most importantly the limited 
time coverage did not allow the use of the dataset in the AgMIP modeling study. 
Kanye in the South and Pandamatenga in the North were selected as representative 
sites of major interest, and the AZMERRA climate data were directly used to produce 
the two baseline 31-year climate datasets. 


Future climate 


Following the AgMIP climate protocol, 29 future climates per station and per 
future time period were generated (Ruane et al., 2015). From these, five GCMs 
were selected representing a “Cool-Dry”, “Hot-Dry”, “Middle”, “Cool-Wet’, and 
“Hot-Wet” future (Ruane and McDermid, 2017). 

With over 500 climate stations in the Free State, the selection of the future climate 
scenarios differed from station to station. A selection was made based on common 
occurrence of selected GCMs among respective clusters. The selected five GCMs 
for the Free State of South Africa and Botswana are presented in Table 6. 
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Free State Climate Baseline 


Growing Season Mean Temperatur 
(°C) 


Growing Season Total Rainfall 
(mm) 


Growing Season Days with Rainfall 
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- 65.0 
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-75.0 
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- 90.0 
- 95.0 


Fig.9. Spatial representation of the baseline (1980-2010) growing season’s (October to March) mean 
temperature (top), total rainfall (middle), and days with rainfall (bottom) over the Free State in the 
centre of South Africa (bottom right). 
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Table 6. The selected five GCMs for the Free State of South Africa and Botswana, 
by RCP for the time period 2040-2070, with the GCM ID corresponding to AgMIP’s 
nomenclature protocols. 


GCM ID GCM Name RCP Climate Category 
South Africa 
L Immem4 4.5 Cool-Dry 
Y HadGEM2-AO 4.5 Hot-Dry 
E CCSM4 4.5 Middle 
T NorESM1-M 4.5 Cool-Wet 
M IPSL-CM5A-LR 4.5 Hot-Wet 
L Immcm4 8.5 Cool-Dry 
Y HadGEM2-AO 8.5 Hot-Dry 
E CCSM4 8.5 Middle 
T NorESM1-M 8.5 Cool-Wet 
M IPSL-CM5A-LR 8.5 Hot-Wet 
Botswana 
L Immcm4 4.5 Cool-Dry 
A ACCESS 1-0 4.5 Hot-Dry 
2 GISS-E2-R 4.5 Middle 
H GFDL-ESM2G 4.5 Cool-Wet 
M IPSL-CM5A-LR 4.5 Hot-Wet 
B bec-csm1-1 8.5 Cool-Dry 
G CSIRO-Mk3-6-0 8.5 Hot-Dry 
2 GISS-E2-R 8.5 Middle 
O MIROCS5 8.5 Cool-Wet 
J HadGEM2-CC 8.5 Hot-Wet 


Table 7 presents a summary of delta changes in temperature, percentage change 
in rainfall, and the number of days with rainfall change over the growing season 
(October to March) for selected stations in the Free State and Botswana. One com- 
monality between all the sites is that all the temperature change is positive, indicating 
warming. However, the average direction of change in the growing season rainfall 
is inconsistent. Some areas have a positive and others a negative mean. The spread 
between the highest and lowest numbers is also large. 


Crops 


As already referred to in the introduction, the AgMIP methodology is based mainly 
on the assumption that there is access to a household survey with both crop and 
economic data. With this not freely available for the South African component of 
the study, a framework was developed linking different databases through a GIS 
resulting in an “unmatched”, but scaled up, database that was used to analyze the 


Assessing the Impact of Climate Change on the Staple Baskets of Botswana and South Africa 139 


Table 7. Average of the five representative GCMs for selected stations in the Free State of South Africa 
and Botswana for the two RCPs in the growing season changes (October to March) for temperature 
change (°C), growing season percentage rainfall change, and the number of days with rainfall averaged 
over the 30-year future periods (2040-2069). 


Growing Season Growing Season Growing Season 
Temperature Rainfall Change Rainfall Days 
Station RCP Summary Change (°C) (%) Change (N) 
South Africa 
Bothaville RCP 4.5 Mean 1.9 —0.2 —1.0 
Min 1.4 —9.9 —4.7 
Max 2.6 6.3 1.9 
RCP 8.5 Mean 2.6 —2.9 —4.3 
Min 1.8 —12.7 —9.9 
Max 3.6 5.5 0.0 
Bloemfontein RCP 4.5 Mean 1.9 -1.3 —0.8 
Min 1:2 —7.7 —2.3 
Max 2.6 3.4 0.4 
RCP 8.5 Mean 2.5 —2.5 —2.7 
Min 1.9 —11.9 —7.4 
Max 3.3 3.4 0.2 
Jacobsdal RCP 4.5 Mean 2.0 —0.8 —2.0 
Min 1.4 —5.4 —3.6 
Max 2.6 3.4 0.0 
RCP 8.5 Mean 2.6 —4.6 —4.8 
Min 1.9 —12.2 —10.8 
Max 3.3 3.4 0.2 
Bultfontein RCP 4.5 Mean 1.4 -9.9 —4.7 
Min 2.6 6.3 1.9 
Max 2.5 -1.0 —3.0 
RCP 8.5 Mean 1.8 —12.7 —9.9 
Min 3:6 5.5 0.0 
Max 4.7 —2.9 —4.6 
Heilbron RCP 4.5 Mean 1.8 2.1 —0.6 
Min 1.3 —8.5 —3.3 
Max 2.4 6.3 1.9 
RCP 8.5 Mean 2.4 2.0 —2.1 
Min 1.8 —8.7 —5.8 
Max 3.0 8.8 1.6 
Bethlehem RCP 4.5 Mean 1.8 21 —0.6 
Min 1.3 —8.5 —3.3 
Max 2.4 6.3 1.9 
RCP 8.5 Mean 2.4 2.0 —2.1 
Min 1.8 —8.7 —5.8 
Max 3.0 8.8 1.6 
Botswana 

Southern RCP 4.5 Mean 2.0 —4.9 —3.3 
Good Hope, Min 1.4 —18.2 —10.0 
Region Max 2.5 3.4 1.4 
RCP 8.5 Mean 2.9 —8.0 —8.3 
Min 2.0 —16.3 —19.2 
Max 3.7 —0.0 -1.7 


Source: Crespo et al., 2017. 
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Field Crop 
Mask 


Fig. 10. Framework of model linkages using GIS, where QUAD-UI is the tool to collate inputs and 
to set up crop model input files and TOA-MD is the Impact Assessment used for economic analysis. 


impact of climate change on the commercial farming systems in the Free State 
(Fig. 10). 


Inputs to crop models 


Through this framework, all required inputs to the crop models were linked through 
a geo-database within the GIS. This database can be exported to Excel, which is 
the format used to generate the inputs to the QUAD-UI (Porter et al., 2015). This 
methodology has the advantage that very little data manipulation is required before 
all the datasets are in a required format. The number of simulations that can be 
generated is virtually unlimited. However, this scaled up approach resulted in some 
additional challenges, such as long computing times, APSIM’s inability to handle 
the large datasets, and limitations in integrating climate data to the QUAD-UI tool 
that was developed to facilitate comparable crop model inputs. These issues were 
communicated back to developers for consideration of model improvement. 


Crop model set-up for South Africa 


A crop field-level land cover map (crop mask) was developed using earth observa- 
tions systems, which in turn was and linked to regional enterprise budgets. Using 
Landsat and Spot images, 14 million hectares of field boundaries were digitized 
(Fig. 11). The field crop boundaries were used as the basis for an aerial survey, 
identifying fields planted with crops. The identified crop type per field was used for 
satellite image classification. For the study, the crop type classification for the Free 
State 2010 was used in conjunction with the farm cadastre. To establish crop man- 
agement input for crop modeling, samples obtained from objective yield surveying 
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Fig. 11. The crop type mask at different scales. 


were used to calculate the proportion of fields with certain row widths, planting 
dates, and plant populations. 

The same proportion was used to assign the management strategies to all the 
fields within the Free State. Fertilization was based on the average modeled 50-year 
yield potential of each field. The soil properties required for crop yield modeling 
were derived using the identified soil series suitable for maize production from 
Terrain Units of land-type maps within a GIS framework. Pedotransfer functions 
were used to calculate soil model inputs (Smithers and Schulze, 1995). 

Each combination of climate, soil, and management inputs required to run the 
crop model for each field were collated and exported to Microsoft Excel as input to 
the AgMIP-developed QUAD-UI (http://tools.agmip.org/). It allows for the rapid 
assembly of large amounts of crop model runs required for climate change studies, 
as well as translate inputs from/to various crop models, i.e., APSIM and DSSAT 
(Porter et al., 2015). Table 8 sets out the number of soil, climate, and management 
combinations and crop models used in the study. 


Crop model setup for Botswana 


A survey of small-scale farmers from the Northern region (Maun) and the Southern 
region of Botswana was used for crop model simulations. The crops studied were 
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Table 8. Number of fields planted to each crop, number of unique soil, climate, and manage- 
ment combinations, and crop models used for simulations. 


Number of 
Unique Soil, 
Climate and 
Crop 
Management 
Combinations 
Dryland/ Number of Used for Crop 
Crop Irrigation Actual Fields Modeling Area (ha) APSIM DSSAT 
Maize Dryland 38 611 3 685 998 695 v v 
Maize Irrigation 1 643 464 38 542 v v 
Wheat Dryland 14 100 1 760 347 345 v v 
Wheat Irrigation 2 244 596 38 095 v v 
Sorghum Dryland 2 205 380 50 689 v v 
Sunflower Dryland 4797 1261 125 165 v 
Soybeans Dryland 2 558 607 44 963 v 
Groundnuts Dryland 713 — 25835 
Dry beans Dryland 403 — 7357 


maize (DSSAT and APSIM), sorghum (DSSAT and APSIM), cowpea (DSSAT), and 
millet (DSSAT). However, here the focus is on maize, as it is one of the main staples. 
Farmer, area, and yield data were obtained from the Annual Agriculture Survey 
Report 2009 and the soil texture of the fields from the Ministry of Agriculture, 
Department of Crop Production, Land use Division (www.moa.gov.bw). Extension 
workers provided data on the most common crop production practices. 


Sensitivity analysis 


For crop modelers to interpret model simulations successfully they first must assess 
the model’s sensitivity to changes, also known as a sensitivity analysis. The CO, 
response (C) under different temperature (T), rainfall (W), and nitrogen fertil- 
ization rates (N) (CTWN) are the main drivers in climate change; a factorial 
increase/decrease of these factors was analyzed for some strategically chosen loca- 
tions in the Free State of South Africa and Botswana. In AgMIP terminology, this 
is referred to as a CTWN analysis. The factorial analysis also permits comparisons 
between the two crop models (i.e., APSIM and DSSAT) to sensitivities to these ele- 
ments. In this section only the sensitivity analysis for dryland maize for two sites, 
i.e., Bultfontein South Africa and the northern region of Botswana are presented. 
Simulations were based on typical crop management for the selected sites using the 
baseline climate (1980-2010). 
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Responses to CO2 under high and low nitrogen applications (C) 


The CO, concentrations are steadily rising (IPCC, 2013). This causes a greenhouse 
effect, resulting in warming and climatic changes, which alter plant growth and pro- 
duction directly (e.g., Kimball et al., 2002; Long et al., 2004; Wheeler and Braun, 
2013). The CO, concentration directly affects photosynthesis via CO, uptake. Many 
studies have examined the effects of elevated CO, concentration on crops (Lawlor 
and Mitchell, 1991; Cure and Acock, 1986; Kimball, 1983), but the reported stimula- 
tion of yield is extremely variable. Boote et al. (2011) found that simulated response 
to CO, to be dependent on whether the crop is N-limited or N-sufficient. They found 
that the C3 models (i.e., wheat and rice) simulated a good response to doubled CO}. 
The C4 models (i.e., maize and sorghum) initially over predicted the response to 
CO, but the responsiveness of the CERES, Maize, Sorghum, and Millet models 
to CO, was reduced to give a 4.2% grain yield increase for doubled CO, (350 to 
700 ppm). 

As expected from the literature, there was no strong response to increased CO 
for both sites (Fig. 12), although the subsistence maize farming systems as simu- 
lated using the APSIM crop model might experience a slight yield increase with 
elevated CO2. The CO, response under high or low nitrogen application levels did 
not differ, as also the response rate (slope) between the two models in Bultfontein, 
South Africa, and under high nitrogen allocation levels in the northern region of 
Botswana. 


Responses to temperature (T) 


The effects of elevated temperature on crop growth and yield are less well understood 
(White, 2001). Available literature and data indicate mostly negative effects on yield 
with increasing temperature (Baker and Allen, 1993; Prasad et al., 2002, 2003; Boote 
et al., 2005; Prasad et al., 2006a, 2006b). 

The temperature sensitivity analysis, using 30 seasons’ climate data, indicates 
that the current climate is optimal for production in the region. Increasing tempera- 
ture, as is anticipated under climate change, will negatively affect yields (Fig. 13). 
However, for Bultfontein in South Africa APSIM crop model simulations indicated 
less severe yield reduction with a 2°C increase in temperature than DSSAT crop 
model that indicated a yield loss of up to 0.5tha~!. In the subsistence systems in 
the Northern Region of Botswana, a 2°C increase in temperature seems not to have 
a significant yield reducing effect. 

However, at both sites in both countries a decrease in temperature of 2°C has a 
severe negative effect on yields. This yield reduction may be attributed to the longer 
time required by maize to reach maturity. The longer growth season increases the risk 
of the plant to incur water stress especially during the grain-filling phase. Research 
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Fig. 12. Box and whisker plots representing the CO% sensitivity analysis for dryland maize under 
nitrogen application rates of 30 and 180 kgNha™! (N = 30kg ha-!, top; N = 180kg ha~!, bottom) 
for different levels of CO7 in the atmosphere for Bultfontein in the Free State (top) and for the Northern 
region of Botswana (bottom), using APSIM (dark gray) and DSSAT (light gray) crop models for a 
30-year period (1980-2010). 


Note: Y-axis varies between figures. 


has shown that water stress during the grain-filling phase can lead to yield reduction 
of up to 40% (NeSmith and Ritchie, 1992; Cakir, 2004). In southern Africa, this 
period is also the most vulnerable as it often coincides with a mid-summer drought 
and a period of irregular rainfall. Thus, if the climate were to become cooler and 
drier, large yield reductions should be expected. 
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Fig. 12. (Continued) 


Responses to rainfall (W) 


A positive correlation commonly exists between growing season rainfall and crop 
yield, although the correlation is not always high because of the importance of the 
temporal dynamics of rainfall and crop water use (Sinclair and Muchow, 2001). 
Dryland maize at both sites exhibited a positive curvilinear response to increased 
rainfall (Fig. 14). However, the yield increases diminish with over 50% or more of 
average rainfall. Decreases in rainfall result in more crop failures. For Bultfontein 
in South Africa dryland maize, the APSIM crop model sensitivity analysis indicated 
higher crop losses or crop failures with a decrease in rainfall than the DSSAT crop 
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Fig. 13. Box and whisker plots representing the temperature sensitivity analysis for dryland maize 
for incremental increases/decreases in temperature for Bultfontein in the Free State (top) and for the 
Northern region of Botswana (bottom), using APSIM (dark gray) and DSSAT (light gray) crop models 
for a 30-year period (1980-2010). 


Note: Y-axis varies between figures. 


model. This indicates that the APSIM crop model should simulate more crop yield 
losses if climate change results in less rainfall. However, for the dryland subsistence 
systems in Botswana it was the DSSAT crop model that under negative rainfall 
change indicated the highest yield losses. 


Responses to nitrogen (N) 


Nitrogen (N) is the nutrient element required in largest quantity by plants, also 
because only a small proportion of the nitrogen present in soils is in a form amenable 
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Fig. 14. Box and whisker plots representing the rainfall sensitivity analysis for dryland maize for 
different percentage reductions in baseline rainfall for Bultfontein in the Free State (top) and for the 
Northern region of Botswana (bottom) using APSIM (dark gray) and DSSAT (light gray) crop models 
for a 30-year period (1980-2010). 


Note: Y-axis varies between figures. 


to plant uptake. Nitrogen fertilizers are employed to enhance the soil supply of 
nitrogen to crops. Thus, the selection of the most appropriate rate of N fertilization 
is a major decision affecting the profitability of crop production and the impact of 
agriculture on the environment. 

For both study sites, i.e., Bultfontein in the Free State of South Africa and the 
Northern Region of Botswana, the nitrogen fertilizer sensitivity exhibited the same 
curvilinear trend between the two crop models, viz., APSIM and DSSAT (Fig. 15). 
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Fig. 15. Box and whisker plots representing the nitrogen fertilizer sensitivity analysis for dryland 
maize for incremental increases in nitrogen fertilizer for Bultfontein in the Free State (top) and for the 
Northern region of Botswana (bottom) using APSIM (dark gray) and DSSAT (light gray) crop models 
for a 30-year period (1980-2010). 


Note: Y-axis varies between figures. 


The turning point after which the response to increased nitrogen diminishes differed 
between the two sites and can be attributed to soil properties. 


Observed versus simulated yields 


Crop model validation is an independent procedure that is used to check that the 
crop model simulation outputs meet the requirements and specifications and that it 
is able to simulate with reasonable accuracy (Confalonieri et al., 2016). 
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Free State 


The South African National Crop Estimates Committee (CEC), with the State 
Department of Agriculture, Fisheries and Forestry (DAFF) acting as secretariat, pub- 
lishes monthly crop area and production forecasts and annual crop production esti- 
mates for white and yellow maize, sunflower, sorghum, soybeans, groundnuts, dry 
beans (summer crops), as well as for wheat, canola, and barley (winter crops). The 
CEC bases its monthly forecasts on various data sources, such as a non-probability 
postal/e-mail survey, a Producer Independent Crop Estimates Area Survey (PICES), 
an objective yield survey, and expert opinions. All data are published on a monthly 
basis on the DAFF website (https://www.daff.gov.za/daffweb3/Home/Crop-Esti 
mates). 

No good quality data are available at finer spatial resolution, i.e., at a district level. 
Following the protocol for an “unmatched” scenario, simulated 30-year yields were 
compared to baseline 30-year yields for the Free State that were calculated from the 
area and production statistics as published by the CEC. This calculated yield data 
are referred to as “observed data” in this chapter. 

Figure 16 presents the cumulative probability for the 30-year (1980-2010) base- 
line simulations for dryland maize, wheat, and sorghum using the APSIM and 
DSSAT crop models compared to the annual official yields as published by DAFF. 
It must be noted that the simulated yields in this graph are for dryland production 
systems, while the observed yields obtained from the CEC include dryland and irri- 
gation. Only since the 2006/07 season has the CEC calculated and published a split 
between dryland and irrigated maize after the season (GrainSA, unpublished). 

In the Free State, about 6%—8% of the annual maize crop is planted under irriga- 
tion, while this is +25% for wheat. Sunflower, sorghum, and soybeans are mainly 
planted under dryland. The cumulative probabilities, for both dryland maize (Fig. 16, 
left) and sorghum (Fig. 16, right), follow nearly the same slope as the observed data. 
However, the DSSAT crop model simulations underestimated maize yields at lower 
yields and overestimate sorghum at higher yields. For wheat (Fig. 16, middle), both 
crop models follow the same trend, except that the DSSAT crop model simulates 
one year significantly higher than the baseline. The offset in simulated wheat yields 
to observed yields can be ascribed to the 25% plantings under irrigation that are 
included in the observed data. The APSIM crop model underestimated yields at the 
lower range, while the DSSAT crop model seemed to underestimate yields at the 
lower range and overestimate at the higher range. 

The correlation coefficients between observed and simulated yields for the prob- 
ability of exceedance using the two selected crop yield models (APSIM and DSSAT) 
are shown in Table 9 for the range of crops selected for evaluation. The correlation 
coefficients, at between 0.93 and 0.99, are high. 
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Fig. 16. Cumulative probability for 30-year (1980-2010) baseline simulations for dryland maize 
(left), dryland wheat (middle), and dryland sorghum (right) for APSIM and DSSAT with observed 
annual yields as published by DAFF. 


Source: DAFF, 2018. 


Table 9. Correlation coefficients between observed and 
simulated yields for the probability of exceedance using 
the two selected crop models (APSIM and DSSAT) for 
the range of crops evaluated. 


Crop APSIM DSSAT 
Maize 0.98 0.96 
Wheat 0.99 0.93 


Sorghum 0.97 0.96 


A much better test to evaluate crop model simulations is to observe if the model 
can replicate the actual inter-annual yield variations, i.e., to replicate the “real world” 
situation. Figure 17 depicts the time series of modeled annual yields (1980-2010) for 
maize, wheat, and sorghum compared to the time-series adjusted observed annual 
yields. Yields were de-trended to remove effects of changes in technology. The 
observed yields were de-trended using a simple linear/exponential model with time 
as the independent predictor of yield to remove the technology influence on produc- 
tion (Maltais-Landry and Lobell, 2012; Subash and Mohan, 2012). In other words, 
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Fig. 17. Time series of modeled annual yields (1980-2010) for maize (top), wheat (middle), and 
sorghum (bottom) compared to the time-series adjusted observed annual yields as published by 
the CEC. 


the de-trended yields for the range of crops evaluated were calculated by subtracting 
the slope (annual rate of change) from the observed yield. 

For maize (Fig. 17 top), both crop models capture the inter-annual yield variation 
well, especially the extreme droughts of the 1991/1992 and 2005/2006 production 
seasons. It can be assumed that, because of the relatively high correlation between the 
observed and simulated yields (Fig. 17, bottom; 0.6 for APSIM and 0.71 for DSSAT), 
the yields calculated based on the GCM projections should be a relatively realistic 
representation; however, this is only true if the GCM versus observed relationship 
for the baseline period is good. 

The simulated inter-annual yield variation was, however, not so strong for wheat 
(Fig. 17, middle) with a correlation of 0.49 for APSIM and 0.64 for DSSAT 
(Table 10). The observed yields were generally higher than the simulated yields, 
and the simulated yields presented a much higher inter-annual variability of yields 
than the observed yields. This can most likely be ascribed to the varying contribu- 
tions of irrigation that are captured within the observed yields. Simulated sorghum 
yields presented a high inter-annual variability compared to that of the observed 
yields (Fig. 17, bottom), with resulting low correlations. 


Botswana 


Both crop models, APSIM and DSSAT, simulate higher yields than those harvested 
by farmers for maize (Fig. 18). In the dry Southern region, the crop models differed 
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Table 10. Correlation coefficients between de-trended 
observed and simulated yields for the 30-year period 
(1980-2010) using the two selected crop models (APSIM 
and DSSAT) for the range of crops evaluated. 


Crop APSIM DSSAT 
Maize 0.60 0.71 
Wheat 0.49 0.64 
Sorghum 0.39 0.44 
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Fig. 18. Surveyed and simulated yields for maize for the Southern region (top) and the Northern 
region (bottom) of Botswana. 
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in the probability of exceedance with DSSAT simulating higher yields, while both 
models were in better agreement in the wetter Northern region. 


Economics 
South Africa 


One of the main challenges found when sourcing data to conduct a RIA for the Free 
State of South Africa was access to economic data covering the study region. Much 
of the financial information on the commercial farming enterprises in the Free State 
is confidential and very little financial information is available at the farm level. 
However, agribusiness and farmer producer organizations do liaise with farmers 
and study groups to collect financial information from which enterprise budgets are 
compiled. This information is available in the public domain (GrainSA, 2017). 

These budgets, compiled for different production regions, detail fixed and vari- 
able input costs for each of the crops simulated in the study, and they were 
used as inputs to the TOA-MD model. It must be noted that profitability, espe- 
cially in the South African maize sector, is very dependent on the yield per 
hectare and the farm gate price (Table 11). Farmers must ensure high yields 
and can hedge on the futures exchange to ensure profitability (Sayed and Auret, 
2018). 

The TOA-MD model, however, follows a whole-farm approach covering crop, 
livestock, aquaculture, and farm household sub-systems. This makes the model 
especially suited to smallholder systems where poverty rates, per capita income, 
and percent households which are vulnerable make up important information 


Table 11. Crop sensitivity analysis of profit/loss referring to total cost without direct 
marketing and profit/loss (ZAR -ha~ ') at different estimated yield and farm gate prices. 


Farm Gate Producer Price for Best Grade (ZAR per tonne) 


Yield tonne.ha~! 1027 1127 1227 1327 1427 

3.00 —1897.34 —1597.34 —1297.34 —997.34 —697.34 
3.50 —1558.71 —1208.71  —858.71  —508.71 —158.71 
4.00 —1330.99 —930.99 —530.99 —130.99 269.01 
4.50 —1289.90 —839.90 —389.90 60.10 510.10 
5.00 —827.36 —327.36 172.64 672.64 1172.64 
6.00 — 137.32 462.68 1062.68 1662.68 2262.68 


Source: GrainSA, 2009, Enterprise budgets for the Bothaville area for the 2009/2010 
production season. 
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to stakeholders. Commercial farmers, however, farm to make a profit. This dif- 
fers widely from the household food production objective of small-scale farm- 
ers. Yet commercial farmers, as a collective, are responsible for South Africa’s 
national food security. The total hectares planted to a crop and production achieved 
at the provincial level are thus important to industry role players and govern- 
ment officials, who monitor the national food availability and pricing (Durand, 
2016). 

Because of the limitations in available data, a whole-farm system approach could 
not be applied to the economic analysis of the farming systems of the Free State. 
However, the cropping sub-system mostly is a branch of the farming enterprise, 
with its own budget. Thus, in this study, instead of a total farming system approach 
a “cropping system” approach was followed, focusing on the major summer and 
winter crops. Thus, for the economic analysis the TOA-MD’s farm size input was 
not the total area of the farm portion, but rather that of the total cropped area of 
the farm portion and the future farm size is the expansion of this cropped area. The 
farmland in the stratum as input to TOA-MD is the total area per farm portion (i.e., the 
farm portion based on the cadastre, which is an official register of the ownership, 
extent, and value of real property in a given area, used as a basis of taxation). 

In this study, the vulnerability indicators of the TOA-MD model only relate to 
the cropping enterprise in the Free State and do not take other farming sub-systems, 
such as animal or fodder production, game ranching, or horticulture, into account. 
The TOA-MD model also requires information on the household size the farming 
system supports. For all analyses, we arbitrarily fix the farm portion to sustain 
the livelihoods of a household of four persons. The model expects that economic 
returns in the farm population will follow a normal distribution at the lowest level 
of disaggregation (Antle et al., 2014). 

If outcome distributions are non-normal, a population should be stratified. Strat- 
ification can be based on, for example, farm size or system type. In the Free State, 
crops and area planted differ from farm to farm. After establishing the farm por- 
tion via the cadastre, farm portions were stratified into homogeneous farming types 
based on the main crops (Fig. 19) planted on these farm portions. Seven farming 
types were extracted, as presented in Table 12. 

Maize is by far the most important summer crop in the Free State covering 
the largest area. Although the sunflower stratum is the second largest, much of the 
crop planted in this stratum is also maize. Wheat is the most important winter crop 
and in terms of the area under crop, it covers the third largest area. Groundnuts 
and dry beans yields were not simulated. This stratification analyses the impact 
of climate change on economics over the strata representing the entire Free State. 
Although the vulnerability indicators will not give stakeholders a true reflection of 
the vulnerability of commercial Free State farming systems, we believe they should 
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Fig. 19. Spatial extent of the seven different farming types in the Free State based on the main crop 
planted. 


provide an indication of the relative “state” of the cropping system, for example, 
whether it is profitable or not. 


Botswana 


In Botswana, small-scale farmers are subsidized by the government under the Arable 
Lands Development Plan (ALDP). They receive a grant or loan to cover input costs. 
The farmer must then follow the advice and direction of the extension service. 
The available data were, however, not adequate to prepare an economic analysis 
following the AgMIP protocols. 


Core Question Analysis 


Core Question 1: What is the sensitivity of current agricultural production 
systems to climate change? 


This core question addresses a “business-as-usual” scenario. System 1, i.e., the 
baseline, was simulated using current crop management and the current economic 
environment under the current ruling climate. System 2, the future, was simulated 
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Table 12. Farming type based on the main crop planted and short description of the seven strata 
of commercial farming systems in the Free State. 


Farming 
Type Based 
on Main Number of 
Strata Crop Short “Farming Area under Total Farm 
Number Planted Description Units’’* Crops (ha) Area (ha) 
1 Irrigation > 80% More than 80% of 732 37, 987 376, 045 
cropping area of 
farm portion is 
irrigated. 
2 Maize > 75% More than 75% of 6840 735,721 2,388,475 


cropping area of 
farm portion is 
planted to maize. 
3 Mixed There is no dominant 2584 125, 691 1, 145, 105 
crop and any of the 
field crops are 
planted in farm 
portion. 
4 Sorghum Sorghum is part of the 1261 109, 420 370, 990 
crops planted in 
farm portion. 


5 Soybeans, dry Either soybeans, dry 2056 154, 404 520, 280 
beans, beans, or 
groundnuts groundnuts 


(high-value field 
crops) is planted in 
farm portion. 


6 Sunflower Sunflower is part of 3811 298, 696 1, 200, 838 
the crop system. 
T Wheat Wheat is the dominant 1941 214, 767 421, 126 


crop planted in 
farm portion. 


Total 19, 225 1,676,686 6,422, 859 


Note: * A farming unit is defined as land portion in the cadastre and farm size is the size of the cropped area 
of the land portion. 


using current crop management and the current economic environment, however, 
the climate was that that is projected by five global circulation models (GCMs) 
under two GHG emission projections, viz., medium GHG emission RCP 4.5 and 
high GHG emission RCP 8.5 (Fig. 20). 


Introduction 


Using baseline management, simulations were run using the APSIM and DSSAT 
crop models for the 30-year baseline climate (1980-2010) and for the five future 
climates for two GHG emission projections (medium GHG emission RCP 4.5 and 
high GHG emission RCP 8.5). Average yield was calculated representing the Free 
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Fig. 20. Core Question Schematic highlighting Core Question 1. 


State for each of the 30 weather years (1980-2010). The average yields were cal- 
culated for each of the unique soil, climate, and crop management combinations 
assuming they have equal weighting. As such, the modeled changes in yield and 
in variability of yield are based on the assumption that each unique soil, climate, 
and crop management combination has an equal probability. As such, the modeled 
yields reflect variations around the mean yield established for the region rather than 
the variations of production potential for any given farm portion. That is, because 
the yields are not area weighted to production, the economic analysis similarly 
reflects variation around the mean rather than actual economic outcomes. Even so, 
we believe that the yield figures presented for the four core questions in this study 
remain indicative of the direction of change that can be expected due to the climate 
change projections and the potential variability associated with each of the climate 
projections. 


Crop Yield: South Africa 


The percentage relative yield change from the baseline was calculated for each of 
the five GCMs under the two RCPs. The relative yield is the ratio of the maize 
yield for a given farm under the future climate compared to the maize yield under 
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Fig. 21. Relative yield change (%) between baseline and five future climates (2040-2070) under a 
medium GHG emission scenario (RCP 4.5) with current crop management for dryland (top) maize 
(left), wheat (middle), and sorghum (right) and irrigated (bottom) maize (left) and wheat (middle) 
using the APSIM and DSSAT crop models for the Free State, South Africa. 


the current climate, based on 30-year averages from the crop model simulations. 
All simulations were performed using current farm management (e.g., hybrid seeds, 
fertilizer rates). A relative yield of 100 for crop model results (1.00 for the economic 
analysis) indicates no climate impact on yield and a value below (or above) 1.00 
indicates a negative (or positive) climate impact. 

Averaged over the entire Free State, both dryland maize’s and sorghum’s yield 
changes indicate the same or higher future yields, except under a relatively “Cool- 
Dry” future under both GHG emission scenarios (i.e., GLXF, ILXF) (Figs. 21 
and 22). The DSSAT crop model projected a yield loss and the APSIM crop model a 
very small yield gain. This might be attributed to the lower rainfall especially when 
rainfall is reduced during the grain-filling phase. The same reasons may also apply 
to sorghum’s projected yield losses under these projected scenarios. 

For wheat, a winter crop, projected future yields are much more variable. Both 
crop models indicate more yield losses than gains under both GHG emission pro- 
jections (Figs. 21 and 22). The APSIM crop model indicated higher yield variability 
than the DSSAT crop model. This variability increases with a higher CO, concen- 
tration under the high RCP 8.5 GHG emission projection. 
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Fig. 22. Relative yield change (%) between baseline and five future climates (2040-2070) under a 
high GHG emission scenario (RCP 8.5) with current crop management for dryland (top) maize (left), 
wheat (middle), and sorghum (right) and irrigated (bottom) maize (left) and wheat (middle) using the 
APSIM and DSSAT crop models for the Free State, South Africa. 


As expected, the variability of yield change under irrigation is much lower than 
under dryland conditions. Both crop models, however, indicate the same or lower 
projected yields for irrigated maize (Figs. 21 and 22), while those for irrigated wheat 
were projected to be the same or slightly higher. 

Irrigated maize yield losses are higher under a high GHG emission projection 
(RCP 8.5) than a medium GHG emission projection (RCP 4.5), while there seems 
to be very little difference in irrigated wheat. It can be speculated that the decrease 
in the number of days with rainfall under a high GHG emission projection (e.g., 
Table 7) may lead to a high evaporative demand, which even irrigation cannot meet 
sufficiently. However, wheat that is sensitive to rising levels of CO7, under irrigation, 
is planted mainly in the winter when evaporative demand is low. 

The higher production levels of both dryland maize and sorghum are in contrast 
with the belief that, globally, future yields under climate change will decrease espe- 
cially in Africa (Roudier et al., 2011; Knox et al., 2012). Although every effort was 
made to choose representative GCMs for the five scenarios of climate, following 
the AgMIP protocols, we do not believe that the choice of GCMs is the limiting 
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factor for the different areas of the Free State. Most of the crop production in the 
Free State receives about 450-500 mm rain over the growing season, which is just 
about enough to sustain profitable crop production. It is, rather, the distribution of 
the number of days with rain that drives yield levels. The decrease in irrigated maize 
yields can be attributed mainly to higher temperatures in the future, as water is 
not a limiting factor in those simulations. High temperatures, especially heat waves 
during the flowering and early grain-filling phases, occur often in the Free State in 
January/February, affecting pollination which leads to tip dieback and nubbin ears. 
High evapotranspiration during the hot summer period can also exceed irrigation 
capacity and lead to wilting. 


Crop yield: Botswana 


The focus in Botswana was to assess the impact of climate change on maize produc- 
tion as this is the country’s staple crop. The relative change was calculated based 
on the average yield over all the farms in the respective regions. In the Southern 
region, under a medium GHG emission projection (RCP 4.5), the simulations of 
both crop models indicate a negative yield change (yield losses) with the exception 
of the Cool-Wet scenarios where the APSIM crop model indicated a slight increase 
in yields and DSSAT only a slight decrease (Fig. 23). The highest decreases in 
yield were simulated with the Dry scenarios (“Hot-Dry”, “Cool-Dry’), indicating 
the importance of rainfall on crop production in Botswana. In the Northern region 
(Maun) of Botswana that under the current climate has relatively higher rainfall 
(470 per annum), the indications are that the climate change will only have a slight 
negative impact on maize yields and inter-annual yield variation will also be not as 
large as in the Southern region. 

With a high GHG emission projection (RCP 8.5), both crop models indicated 
yield losses for the Southern region(Fig. 24). In the Northern region, the APSIM 
crop model indicated yield increases, while the DSSAT model indicated decreases. 
Although negative, yield variation in the Southern region was smaller under a 
high GHG emission projection (RCP 8.5), the 25% yield reduction in already very 
low yields (< 400 kg ha~') and small areas planted will severely reduce the total 
production and influence the food security of households in the area. 


Economics: South Africa 


For the economic analysis, the crop model yield results for each of the unique 
number of soils, climate, and crop management simulations were linked back to 
each of the fields using a GIS, resulting in a geo-database, viz., a database with a 
spatial context. Thus, a farm portion can be planted to one or more fields and to 
one or more crops, i.e., maize (dryland or irrigated), wheat (dryland or irrigated), 
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Fig. 23. Relative yield change (%) between baseline and the five future climates (2040-2070) under 
a medium GHG emission scenario (RCP 4.5) with current crop management for dryland maize, 
using the APSIM and DSSAT crop models for the Southern (/eft) and Northern (right) regions of 
Botswana. 


sorghum, sunflower, soybeans, groundnuts, and dry beans. For each field, the area 
is known from the spatial component and the potential yield from the crop model 
simulations. Therefore, each field or farm portion’s production can be calculated. 
Enterprise budgets detail fixed and variable cost and allow the calculation of net 
returns per hectare for each crop for a farm. 

Table 13 presents a summary of baseline yield statistics for each of the crops. 
In this study, the baseline yields were created using the average of 30 years of 
simulations using both the APSIM and DSSAT crop model simulations, because the 
study is based on an “unmatched” case scenario. Yields for dry beans and groundnuts 
are not presented here as they were based on the relative yields based on maize 
simulations. 


Relative yields for Core Question I 


Figure 25 provides a display of the relative yield statistics for the medium GHG emis- 
sion projections (RCP 4.5, left) and the high GHG emission projections (RCP 8.5, 
right) for dryland and irrigated maize using the two crop models. Results are based 
on the weighted yield statistics for each crop. The graphs plot mean relative yield 
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Fig. 24. Relative yield change (%) between baseline and the five future climates (2040-2070) 
under a high GHG emission scenario (RCP 8.5) with current crop management for dryland maize, 
using the APSIM and DSSAT crop models for the Southern (/eft) and Northern (right) regions of 
Botswana. 


Table 13. Summary of baseline yield statistics for each crop simulated. 


Average Yield CV Minimum Maximum 


(kgha~!) (%)  (kgha~!) (kgha™t) 
Maize dryland 3632 31 188 7979 
Maize irrigated 10,554 17 3699 14,641 
Sorghum 2150 22 378 3154 
Soybeans 1666 21 547 2919 
Sunflower 1349 21 647 2295 
Wheat dryland 1567 25 574 3015 
Wheat irrigated 6192 5 5472 1244 


against the standard deviation of relative yields for each stratum across the five 
GCMs. Each marker on the figure corresponds to relative yields for a particular 
stratum and GCM. The aim of these graphs is to give insight to crop model differ- 
ences in yield and yield variability in relation to the stratum. This cannot be deducted 
from the yield graphs as depicted in Figs. 21 and 22, because these graphs depict 
yield changes for the crops across all strata. 
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Fig. 25. Mean relative yield change versus the standard deviation of mean relative yield for the Free 
State for RCP4.5 (left) and RCP8.5 (right) for dryland maize (top) and irrigated maize (bottom), using 
the APSIM and DSSAT crop models, circle representing the APSIM crop model simulations and the 
triangles those from DSSAT. 


For dryland maize, most scenarios indicate a positive yield change (Fig. 25, top 
panels | and 2), while under irrigation, there were more indications of yield losses 
(Fig. 25, bottom panels 1 and 2). For dryland maize both crop models indicated 
an increase in standard deviation as relative mean yield increases, indicating more 
variability with the higher yields in certain strata, i.e., the mixed and soybean, 
dry bean, and groundnut strata (Fig. 25, top panels 1 and 2; black and green markers, 
respectively). For irrigated maize, the relative yields were clustered around 1.0, 
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indicating future yields to be either 20% higher or lower than current yields, but 
with these changes not associated with a higher yield variability (Fig. 25, bottom 
panels 1 and 2). 


Economic statistics for Core Question 1 


In the TOA-MD model, farmers are presented with a simple binary choice: they 
can operate with a current (or base) production system, i.e., “System 1”, or they 
can switch to an alternative system, i.e., “System 2”. Impacts of climate change 
are quantified as gains and losses in economic well-being (e.g., farm income or per 
capita income). In a heterogeneous population there are typically some gainers and 
some losers, and thus the net impact may be positive or negative. The AgMIP Core 
Questions are designed to quantify the proportion of the population who gain and 
lose, as well as the magnitude of gain or loss. 

Tables 14 and 15 present economic statistics, i.e., change in net returns per 
hectare and welfare indicators, such as percent households vulnerable, change in 
per capita income, and change in the poverty rate. Although these welfare indicators 
are not as important in the commercial sector as in the small-scale/subsistence 
sector, they still present an indication of the profitability of cropping enterprises. 
For this study, the upper-bound poverty line of R577 per capita per month, i.e., 
R6924 per capita per year (as in March 2009) was selected because the focus is 
on commercial agriculture, which has relatively higher income levels compared to 
those from subsistence farming. 

The percentage of households (or cropping enterprises as referred to in this 
study), which are vulnerable to climate change depend on the farming system and 
crop model projection. For example, for a projection of dryland maize production, 
based on the APSIM crop model simulations under RCP 8.5 and a “Cool-Wet” future, 
only 26% of the farming enterprises are projected to lose (i.e., 26% households are 
“vulnerable” ) with climate change (Table 15). Projections based on the DSSAT crop 
model simulations under a “Cool-Dry” climate under both medium and high GHG 
emission trajectories (RCP 4.5 and RCP 8.5) estimate the percent of households 
vulnerable to be as high as 84%. 

However, averaged over all farming systems and both GHG emission trajectories 
(RCPs), 55% of the farming enterprises are estimated to be economically vulnerable 
under changed climates (Table 14). The poverty rate indicates the percentage of 
people whose income falls below the poverty line. A negative poverty rate indicates 
a decline in poverty. Table 14 indicates that averaged over all projected futures using 
both crop model simulation inputs, 20% of the wheat farms would not even earn 
enough capital to sustain a person. 

The calculation of percent change is problematic if the “old” (net return without 
climate change) or “new” (net return with climate change) numbers are negative. 


Table 14. Socio-economic statistics for the aggregate of strata for Core Question 1. 


Net Change in Net Change in Per 
GHG Emission Gains Losses Impact Returns per Households Capita Income 
Crop Model Projection GCM (%) (%) (%) Hectare (%) Vulnerable (%) (%) 
APSIM RCP4.5 Middle 305 —235 71 96 40 32 
APSIM RCP4.5 Cool-Dry 147 —262 —115 —153* 75 —59 
APSIM RCP4.5 Hot-Wet 514 —316 198 267 29 109 
APSIM RCP4.5 Cool-Wet 335 —219 116 157 32 57 
APSIM RCP4.5 Hot-Dry 295 —277 19 26 48 1 
APSIM RCP8.5 Middle 413 —289 124 169 34 62 
APSIM RCP8.5 Cool-Dry 176 —269 —93 —126* 69 —52 
APSIM RCP8.5 Hot-Wet 403 —329 74 101 42 30 
APSIM RCP8.5 Cool-Wet 418 —268 150 203 31 76 
APSIM RCP8.5 Hot-Dry 298 —286 12 16 50 -1 
DSSAT RCP4.5 Middle 178 —190 -12 -17 57 -9 
DSSAT RCP4.5 Cool-Dry 137 —269 —132 —175* 76 —67 
DSSAT RCP4.5 Hot-Wet 202 —202 0 -1 53 1 
DSSAT RCP4.5 Cool-Wet 154 —150 4 6 52 6 
DSSAT RCP4.5 Hot-Dry 163 —296 —133 —176* TI —72 
DSSAT RCP8.5 Middle 211 —231 —20 —27 $7 —4 
DSSAT RCP8.5 Cool-Dry 152 —310 —158 —210* 79 —81 
DSSAT RCP8.5 Hot-Wet 212 —337 —125 —167* 73 —66 
DSSAT RCP8.5 Cool-Wet 167 —169 -2 -2 54 4 
DSSAT RCP8.5 Hot-Dry 187 —309 —122 —163* 75 —62 
Average RCP4.5 243 —242 2 3 54 0 
Average RCP8.5 264 —280 —16 —21 56 —9 
Average 233 —261 =] —9 55 =) 


Note: * Either the old number (i.e., without climate change) or the new number (i.e., with climate change) is negative. 
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Table 15. Socio-economic statistics for the maize > 75% stratum for Core Question 1. 


Net Change in Net Change in Per Change in 
GHG Emission Gains Losses Impact Returns per Households Capita Income Poverty Rate 
Crop Model Projection GCM (%) (%) (%) Hectare (%) Vulnerable (%) (%) (%) 
APSIM RCP4.5 Middle 4399 —2775 1624 2205 31 549 —24 
APSIM RCP4.5 Cool-Dry 1857 —3596  —1738 —2329* TT —580* 29 
APSIM RCP4.5 Hot-Wet 6469 = —3771 2698 3646 28 908 —34 
APSIM RCP4.5 Cool-Wet 4871 —2644 2227 2994 25 746 —30 
APSIM RCP4.5 Hot-Dry 4050 —3274 777 1066 41 265 -13 
APSIM RCP8.5 Middle 5816 —3707 2109 2866 31 714 —28 
APSIM RCP8.5 Cool-Dry 2251 —3378  —1128 —1536* 67 —382* 20 
APSIM RCP8.5 Hot-Wet 6083 —4535 1548 2119 37 528 —22 
APSIM RCP8.5 Cool-Wet 5837 —3227 2610 3514 26 875 —33 
APSIM RCP8.5 Hot-Dry 4088  —3548 540 743 44 185 -9 
DSSAT RCP4.5 Middle 2324 —2380 —56 —78 51 —19 1 
DSSAT RCP4.5 Cool-Dry 1713 —4114 —2400 —3155* 84 —786* 44 
DSSAT RCP4.5 Hot-Wet 2269 —2408 —139 —191* 53 —48 2 
DSSAT RCP4.5 Cool-Wet 1850 —1805 44 61 49 15 -1 
DSSAT RCP4.5 Hot-Dry 1842 —3691 —1849 —2470* 78 —615* 33 
DSSAT RCP8.5 Middle 2222 —2954 —731 —1001* 62 —249* 13 
DSSAT RCP8.5 Cool-Dry 1898 —4634 —2735 —3589* 84 —894* 47 
DSSAT RCP8.5 Hot-Wet 2268  —4384 —2116 —2835* TT —706* 34 
DSSAT RCP8.5 Cool-Wet 1844 —2019 —175 —241* 54 —60 3 
DSSAT RCP8.5 Hot-Dry 2070 —4094 —2025 —2708* 78 —674* 34 
Average RCP4.5 3164 —3046 119 175 52 44 1 
Average RCP8.5 3438 —3648 —210 —267 56 —66 6 
Average 3301 —3347 —46 —46 54 —l11 3 


Note: * Either the old number (i.e., without climate change) or the new number (i.e., with climate change) is negative. 
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Various methods have been suggested and Acampora (2016) pointed out that per- 
centage change on negative numbers can produce misleading results. It was decided 
to use the absolute formulae, but indicate negative changes with a single aster- 
isk when either value (i.e., net returns without climate change or net returns with 
climate change) is negative. These negative outcomes indicate cropping systems 
that are most vulnerable to climate change, because net income or change per capita 
income are projected to make a loss. 


Net impact on mean farm net returns for Core Question 1 


To better understand the impact of projected climate change on the economic indica- 
tors as presented in the above tables, set of graphical representations were developed. 
Figure 26 shows the climate impact on mean farm net returns in percentages for each 
stratum. These box and whisker plots show the predicted net economic impact over 
both crop models and projected GHG emissions. Zero percent implies no impact. 
Above and below zero distinguishes between predictions of positive and negative 
net impacts. What is important to note for this Core Question is that the only changes 
are the different climate projections and crop management and prices stay the same 
for baseline and projected future simulations. The strata-level results indicate het- 
erogeneity in the impact of climate scenarios on current production systems across 
the cropping systems in the Free State. 

For farms planting mainly dryland crops (i.e., the maize >75% strata) the overall 
impact on future mean net farm returns can either be hugely positive or negative 
(Fig. 26, bottom), requiring Fig. 26 to be plotted at a different scale. The huge ranges 
may be in part owing to the fact that maize is the most widespread crop planted over 
the largest range of soils and planting dates, row widths, and plant population options. 
Another contributing factor may be owing to the fact that current maize production 
systems are only marginally profitable, so that small variations around near-zero 
net returns show as enormous percentage differences. A further consideration is 
that in real systems, farmers hedge on the market and sell their products throughout 
the season. In this study, only one fixed price was used for all the calculations and 
variability is only introduced though yield variability. 

To better understand the large impact on calculated farm net returns, Fig. 27 
presents the frequency distribution in net returns for the maize >75% strata for 
the baseline (System 1) and projected “Middle” future (System 2) using both the 
APSIM and DSSAT crop model area weighted yield projections. There is very little 
difference in the frequency distribution in net returns between baseline (System 1) 
and future projected net returns (System 2) using the DSSAT crop model-based 
inputs, and indications are a small shift towards the left, i.e., losses. This is also 
evident in the slight negative net impact (—56%) and change in net return per farm 
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Fig. 26. Box and whisker plots representing the net impact on mean farm net returns (%) for the Free 
State over both crop models, RCPs and relative yield assumptions for the seven strata, viz., aggregate 
of strata (top) and maize > 75% strata (bottom), noting that the scale for the maize > 75% strata net 
impact (%) differs. 


(—78%) as presented in Table 15, However, for the APSIM crop model-based inputs, 
there is a large frequency shift to the right and towards a higher net return per farm 
owing to the large positive change in net impact (1624%) and change in net returns 
(2205%) for this stratum. The large distribution combined with positive changes in 
net returns may reflect commercial economies of scale and hence, also the probability 
to incur either huge profits or losses. 
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Frequency 
è 
o 


300 


-4000 -3500 -3000 -2500 -2000 -1500 -1000 -500 oO 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500 


m Baseline (System 1) lll APSIM Future (System 2) m DSSAT Future (System 2) 
serere Trendline for Baseline (System 1)------ Trendline for APSIM (System 2) -+--+ Trendline for DSSAT (System 2) 


Fig. 27. Frequency distributions of net returns (ZAR per hectare) for the maize > 75% strata for 
Core Question 1 representing the “Middle” projected future (GEXF) under climate change scenario 
RCP 4.5. 


Further notable observations from Fig. 26 include the large and negative net 
impact on future mean net farm returns under the “Cool-Dry” scenario of climate 
change for both RCPs, as well as the largest variability (as indicated by the large 
inter-quartile range) under a “Hot-Wet” future. In addition, for the maize >75% 
stratum (Fig. 26, bottom) the “Middle” future indicates the same or even higher 
mean farm net returns, while a “Hot-Dry” future indicates that potential losses may 
be incurred under such a projected climate future. 


Change in net returns per hectare for Core Question 1 


Stakeholders are interested to know if Free State farmers will still be profitable 
under projected climate change. The percent change in net returns aggregated over 
all farming systems is shown in Fig. 28 (top), and that of the maize > 75% stratum 
in Fig. 28 (bottom). Farmers that incur losses in the current climate may still incur 
losses under future projected climate. If the losses are less severe, however, they 
will be shown as a positive result. Figure 28 shows that the two crop models differ 
in their projections of change in net returns. The APSIM crop model indicates more 
gains under projected climate change than what is projected by the DSSAT-based 
crop model, where the projected gains are only very small, except under a “Hot- 
Wet” future under a medium GHG emission projection (RCP 4.5). Another model 
difference is that under a high GHG emission projection (RCP 8.5) the APSIM crop 
model indicates significant positive changes under four of the five GCM scenario 
projections. Simulations using the DSSAT crop model under a high GHG emission 
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projection show negative impacts across the board (Fig. 28, bottom). One trend both 
crop models have in common is that a “Cool-Dry” future under both medium and 
high GHG emission projections (RCP 4.5 and RCP 8.5) has the largest negative 
change in net returns per hectare. 


Summary for Core Question 1 


The economic analysis of this core question suggests that, should “Business-as- 
usual” management and pricing structures continue with climate change, there 
could be important economic impacts. But the enormous differences in projected 
percent net return given the small differences in projected yields (e.g., compare 
Figs. 21 (maize), 22 (maize), and 28) require additional investigation. As such, we 
are not yet able to adopt and promote the approach as an AgMIP-endorsed proto- 
col for others to use. However, because of the importance in advancing the use of 
GIS and enterprise economics in future AgMIP investigations, we include the eco- 
nomic analysis of the remaining core questions in Appendix 1, and encourage reader 
feedback. 


Core Question 2: What are the benefits of adaptation in current 
agricultural systems? 


Most farmers are not interested in long-term projections, such as the time frames 
that are associated with climate change (i.e., 20 years or more into the future), but 
are much more interested in which adaptations they can implement now in order 
to achieve high yields and as such be more profitable. This core question addresses 
the benefits of potential adaptation options to current crop management given the 
current climate (Fig. 29). 


Crop yield: South Africa 


South African farmers already plant hybrids and genetically modified organisms 
(GMOs). For example, there are over 600 maize cultivars and 80 wheat cultivars 
available on the local market (South African varietal list as maintained by the regis- 
trar of plant improvement, 2018). Commercial producers fertilize optimally and/or 
irrigate their crops, as good crop management increases yields and, as such, expected 
profit. The introduction of precision agriculture already allows farmers to optimize 
production at the sub-field level. This makes the choice of additional adaptations, 
or interventions, that commercial producers can implement, and that crop models 
are able to simulate, limited. However, if each farmer were to plant the best suited 
variety for their production environment, i.e., use variety trial and plant breeders’ 
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Fig. 28. Change in net returns per hectare (%) for the Free State from baseline climate for the 
aggregate of the seven strata (top) and the maize >75% stratum (bottom), for simulations using the 
APSIM and DSSAT crop models for each of the five climate scenarios under RCPs 4.5 and 8.5, with 
the red bars representing the APSIM crop model-based simulations and blue bars the DSSAT crop 
model simulations, and noting that the scale for the maize >75% strata change in net returns (%) 


differs. 
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Fig. 29. Core Question Schematic highlighting Core Question 2. 


information, they would benefit through increased yields. To simulate a “best adapted 
cultivar”, the yield-influencing factors, such as seed size and seed growth rate rep- 
resenting genetic coefficients in the crop model, were adjusted. 

Using both selected crop models, yields were simulated using the baseline 
climate (1980-2010) with (a) current management and (b) adapted management, 
i.e., the best adapted cultivar. In this core question, the relative yield is calculated as 
the ratio of the adapted management’s yield to the average baseline management’ s 
yield for each farm and then averaged over 30 years. It is important to note that the 
average yields were calculated assuming that each of the unique soil, climate and 
crop management combinations had equal weight. A relative yield above (below) 
100 indicates that the average yield is higher (lower) with the adaptation. 

Figure 30 indicates that, under current conditions, using the best available genetic 
material “maximized” for yield influencing factors, has the potential to increase 
yields. All model simulations, except those for sorghum using only the APSIM crop 
model, indicate positive yield changes. The advantage of bigger seeds and a higher 
grain-filling rate is enhanced under irrigation because the crop is not water-limited. 


Crop yield: Botswana 


The challenge in finding the best adaptation strategy for resource-poor farmers 
is to identify an intervention that does not require them to incur additional costs. 
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Fig. 30. Relative yield changes (%) between baseline and adapted management (higher-yielding 
cultivars) in the Free State for dryland (top) maize (left), wheat (middle), and sorghum (right) and for 
Irrigated (bottom) maize (left) and wheat (middle) under current climate, simulated using the APSIM 
and DSSAT crop models. 


The adaptation strategy evaluated in this study was simulating the addition of 1000 kg 
stover at planting. Except for the APSIM model in the dry Southern region, the crop 
model simulation indicated no benefit from the additional mulching, and that the 
mulching even decreased the yield potential (Fig. 31). The reason for the decrease 
in yield might be ascribed to the already very dry soil condition in both regions. 


Summary for Core Question 2 


The crop model results underline the importance of choosing a well-adapted cultivar 
for the target production environment, as well as the potential spin-offs of investment 
into plant breeding. 


Core Question 3: Whatis the impact of climate change on future agricultural 
production systems? 


Introduction 


Other than core question one (Q1) that deals with the future under the so-called 
“business-as-usual” scenario where no changes from current crop management and 
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Fig. 31. Relative yield change to the application of an additional 1000kg stover at planting for 
the Southern (left) and Northern (right) regions simulated using the APSIM and DSSAT crop 
models. 


economics are projected, core question three (Q3) explores different futures both in 
crop management and economics as projected using inputs from stakeholders and 
global economic projections (Fig. 32). 

As described in the development of RAPs for the Free State, two diverse futures, 
given as follows, were explored: 


e One representing the low carbon green economy associated with an increase in 
conservation agriculture, using the medium GHG emission projections for climate 
scenarios (i.e., RCP 4.5), also referenced to colloquially as Pap, Vleis, and Gravy 
(RAP 4) and 

e One that is seen as a rocky road with farmers extracting maximum yields from 
the fields with minimum inputs and assuming the high GHG emission projections 
for climate scenarios (i.e., RCP 8.5), also referred to colloquially as Skorokoro 
(RAP 5). 


Crop yield: South Africa 


For core question three (Q3) the relative yield is the ratio of the crop yield under 
the future climate with future management compared to the crop yield under the 
current climate, but also with future management. Future management details used 
to simulate future yields with and without climate change are presented in Table 3 
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Fig. 32. Core Question Schematic highlighting Core Question 3. 


and Table 4 (and the corresponding sections of text). It is important to note that, as for 
Q1 and Q2, the average yields were calculated for each of the unique soil, climate, 
and crop management combinations having an equal weighting. The relative yield is 
based on 30-year yield averages obtained from the crop model simulations. Relative 
yield of 100 (1.00 economic section) indicates no climate impact on yield and a 
value below (above) 100 (1.00 economic section) indicates a negative (positive) 
climate impact. 

Figures 33 and 34 show projected yield changes associated with the five sce- 
narios of projected future climate using RCPs 4.5 and 8.5, respectively. Even 
though crop yield management changes were simulated that should indicate a more 
positive/negative future the same yield change pattern emerged as found in Core 
Question 1 (e.g., compare with Figs. 21 and 22). The yield changes are positive for 
maize and sorghum except under a “Cool-Dry” future. There are some indications 
that yield variability will increase more under Skorokoro (RAP 5) than under Pap, 
Vleis, and Gravy (RAP 4) as indicated by the extended interquartile ranges of the 
box and whiskers plots. This might be interpreted such that the areas under conser- 
vation agriculture, promoted under Pap, Vleis, and Gravy (RAP 4), are projected to 
have a lower yield variability. 


176 W. Durand et al. 


Q3-RCP 4.5 
Maize Wheat 


Sorghum 


100 
50 
[2] 

$ SARTA acii 
Q = 
a +A les a 
Sa 
S 
$ -100 Model 
ke] E APSM 
2 E DSSAT 
$ 
£ 
© 
a 


PR aor Se mee 


O 


gŭ x% oe’ Ss ee Ss es $ 


XY N X NX Å y N 
SK YK oe SS x O 
eo SS P e 


Fig. 33. Box and whisker plots of relative yield changes (%) for the Free State between the baseline 
and the five future climates under RCP 4.5 with future crop management under RAP 4 with respec- 
tive future crop management for dryland (top) maize (left), wheat (middle), and sorghum (right) 
and irrigation (bottom) for maize (left) and wheat (middle), using the APSIM and DSSAT crop 
models. 


For dryland wheat, a winter crop, simulations with the DSSAT crop model indi- 
cate negative yield changes which are more pronounced under Pap, Vleis, and 
Gravy (RAP 4) than Skorokoro (RAP 5). This may be attributed to the positive 
yield response of wheat to increases in CO, levels under a high GHG emission 
future (RCP 8.5). The impact of the future climates on irrigated maize yield under 
future management is projected to be slightly negative based on the DSSAT crop 
model projections that indicate that the highest yield losses will be under Skorororo 
(RAP 5). This projected negative impact does not bode well, as irrigation often is 
cited as an adaptation option to mitigate the effect of climate change (Fischer et al., 
2007; Akpalu et al., 2008). However, there seems to be very little negative projected 
impact due to climate change on irrigated wheat under future management and the 
simulated yields are essentially unchanged. The longer whiskers of the box plots 
representing Skorokoro (RAP 5) indicate a higher yield variability for dryland wheat 
than if the conservation agriculture route of Pap, Vleis, and Gravy (RAP 4) were to 
have been followed. 
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Fig. 34. Box and whisker plots of relative yield changes (%) for the Free State between the baseline 
and the five future climates under RCP 8.5 with future crop management under RAP 5 with respec- 
tive future crop management for dryland (top) maize (left), wheat (middle), and sorghum (right) 
and irrigation (bottom) for maize (left) and wheat (middle), using the APSIM and DSSAT crop 
models. 


Crop yield: Botswana 


No differential RAPs were developed for RAP 4 and RAP 5; however, stakeholder 
consultation and expert opinion indicate that the small-scale farmers in Botswana 
will use adapted drought- and heat-tolerant cultivars in the future. Government 
subsidies are not discontinued but are even endorsed and farmers will be able to 
purchase more nitrogen fertilizers (Table 4). Other than for Core Question 1, crop 
model simulations using the DSSAT crop model indicate that future management 
under future climate might have a positive impact on yields in both the Northern and 
Southern regions (Figs. 35 and 36). However, this was not indicated using the APSIM 
crop model with negative relative yield changes. It was difficult to distinguish a trend 
between GCMs, crop models, and RCPs (Figs. 35 and 36, respectively). It can be 
speculated that there is much uncertainty as to the projected future maize yields in 
Botswana. 
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Fig. 35. Relative yield change (%) between the baseline and the five GCMs under RCP 4.5 with 
future crop management under RAP 4 for dryland maize, using the APSIM and DSSAT crop models 
for the Southern (/eft) and Northern (right) regions of Botswana. 


Relative yields for Core Question 3 


The relative yields versus the standard deviation of mean relative yield (Fig. 37) 
followed the same trend as in Core Question 1 (Fig. 25). This can be ascribed 
to the fact that the crop management factor representing conservation agriculture, 
viz., reduced/increased stable carbon simulation, might not have a large influence 
on yield. Moreover, changes in the rooting depth that simulate drought tolerance 
were the same for both future scenarios (Pap, Vleis, and Gravy — RAP 4 and 
Skorokoro — RAP 5). It is known that even under the current climate many farm- 
ers already obtain yields close to the maximum yield potential of their production 
regions. 

For dryland maize, most scenarios indicate a positive yield change (Fig. 37, top), 
while under irrigation half of the scenarios indicated of yield losses and the other 
half yield gains (Fig. 37, bottom). For dryland maize both crop models indicated 
an increase in standard deviation as relative mean yield increases, indicating more 
variability with the higher yields in certain strata, i.e., the mixed and the soybean, 
dry bean, and groundnut strata (black and green markers, respectively). The lowest 
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Fig. 36. Relative yield change (%) between the baseline and the five GCMs under RCP 8.5 with 
future crop management under RAP 5 for dryland maize, using the APSIM and DSSAT crop models 
for the Southern (left) and Northern (right) regions of Botswana. 


standard deviation in yield for dryland maize is found in the sorghum stratum. 
This can be ascribed to the contained area of sorghum planting in the north-eastern 
Free State. 


Core Question 4: What are the benefits of climate change adaptations? 


To better their future prospects, farmers will need to adapt to the effects of climate 
change. Just as in Core Question 2, there are many options available to farmers, i.e., 
there are agronomic adaptations that are on-farm management options that do not 
necessitate large financial investments, such as intercropping, selection of heat- and 
drought-resistant cultivars, and soil-water conservation techniques. Then there are 
on-farm economic adaptations that require an investment, such as water harvesting, 
increase in area under irrigation, or the use of shade nets. However, there are also 
policy interventions that allow farmers to cope with climate change/variability, such 
as fertilizer subsidies, government drought/disaster help schemes, or cuts in interest 
rates for farmers. Adaptations simulated are presented in Table 5 and include the 
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Fig. 37. Mean relative yield for Pap, Vleis, and Gravy — RAP 4 (left) and Skorokoro — RAP 5 (right) 
scenarios for dryland maize (top) and irrigated maize (bottom), using the APSIM and DSSAT crop 
models, circle representing the APSIM crop model simulations and the triangles those from DSSAT. 


use of best available genetic material, deferred planting dates, and heat-tolerant 
cultivars. These adaptations are simulated for both future scenarios, i.e., RAP 4 and 
RAP 5. 

This core question thus explores adaptation options that could be implemented 
in a future world that is either Pap, Vleis, and Gravy (RAP 4) or Skorokoro (RAP 5) 
(Fig. 38). 
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Fig. 38. Core Question Schematic highlighting Core Question 4. 


Crop yield: South Africa 


Crop model simulations were processed implementing one adaptation strategy, i.e., 
the use of best available genetic material, deferred planting dates, and heat-tolerant 
cultivars additional to the management options as proposed for each of the two 
future scenarios. Figures 39 and 40 show the relative yield changes for the crops 
under Pap, Vleis, and Gravy (RAP 4) and Skorokoro (RAP 5), respectively. In this 
Core Question, the relative yield is calculated as the ratio of the average yield with 
adaptations to the average yield under Pap, Vleis, and Gravy (RAP 4) or Skorokoro 
(RAP 5) as simulated in Core Question 3, but without adaptations, averaged over 
the 30 years. A relative yield above (below) 100 for crop modeling and 1.00 for 
economic modeling indicates that the average maize yield is higher (lower) with the 
adaptation. Once again, it is important to note that the average yields were calculated 
for each of the unique soil, climate, and crop management combinations assuming 
them each to have equal weight. 

Figures 39 and 40 indicate that in all instances the interventions simulated are 
successful in mitigating the effects of climate change. Only sorghum simulated 
using the APSIM crop model indicated yield losses, but this can be attributed to 
the yield-increasing coefficients adopted not being very successful, as was also 
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Fig. 39. Relative yield change (%) for the five GCMs under RCP 4.5 with or without adaptations 
under RAP 4 for dryland (top) maize (left), wheat (middle), and sorghum (right) and irrigated (bottom) 
maize (left) and wheat (middle) using the APSIM and DSSAT crop models. 
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Fig. 40. Relative yield change (%) for the five GCMs under RCP 8.5 with or without adaptations 
under RAP 4 for dryland (top) maize (left), wheat (middle), and sorghum (right) and irrigated (bottom) 
maize (left) and wheat (middle) using the APSIM and DSSAT crop models. 
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indicated in Core Question 2 (Fig. 31). The adaptations indicate that there is a lower 
probability of yield losses for maize under irrigation than if only the current trajectory 
in development is followed, as indicated by the yield losses in Core Question 3. Both 
crop models show that in both cases dryland and irrigated wheat yield losses can be 
reduced using the adaptation packages, but yield variability is still high. This gives 
the indication that adaptations should be tailored for each crop individually and that 
this might even be region-specific. 


Crop yield: Botswana 


For the smallholder farming systems in Botswana, different adaptation packages 
were developed for the two regions (Table 5). As intervention in the Northern 
Region, the Broad Bed and Furrow (BBF) technique was tested. The raised land 
configuration “Broad Bed Furrow” system helps the soil to preserve the water level 
for a longer period (Biazin et al., 2012). Holding moisture intact, the bed stimu- 
lates crop’s growth. In the Southern region, the planting date was shifted by three 
weeks and the conservation agriculture of zero tillage and more stover at soil sur- 
face was evaluated. Figures 41 and 42 indicate that adapting to the BBF technique 
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Fig. 41. Relative yield change (%) for the five GCMs under RCP 4.5 with or without adaptations 
under RAP 4 for dryland maize, Southern (/eft) and Northern (right) regions of Botswana using the 
APSIM and DSSAT crop models. 
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Fig. 42. Relative yield change (%) for the five GCMs under RCP 8.5 with or without adaptations 
under RAP 5 for dryland maize, Southern (/eft) and Northern (right) regions of Botswana using the 
APSIM and DSSAT crop models. 


in the Northern regions results in better yields especially under RCP 8.5. How- 
ever, under RCP 4.5, although with mainly positive mean values, the APSIM crop 
model also indicated large variability and the probability of yield losses (Fig. 41). 
In the Southern region, the deferred planting dates and conservation agriculture did 
not significantly increase the yields and the large uncertainty does not define any 


trend. 


Relative yields for Core Question 4 


This core question analyses the impacts of technology interventions on the produc- 
tion systems of the future. The technology interventions are described in detail in 
the adaptation Section 3.3. Figure 43 provides a display of the so-called Pap, Vleis, 
and Gravy (RAP 4, left) and Skorokoro (RAP 5, right) relative yield statistics for 
dryland and irrigated maize. 

These graphs show a plot of the mean against the standard deviation of relative 
yields for each stratum across the five GCMs of RAP 4 and RAP 5. Each marker 
on the figure corresponds to an intervention’s mean relative yield for a stratum and 
GCM. They depict potential differences in yield changes between the crop models 
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Fig. 43. Mean relative yield changes in the Free State for adaptations versus the standard deviation of 
mean relative yield for RAP 4 (left) and RAP 5 (right) for dryland maize (upper panels) and irrigated 
maize (lower panels) using the APSIM and DSSAT crop models, with circles representing the APSIM 
crop model simulations and the triangles those from DSSAT. 


and point out differences between strata or GCMs through clustering. Figure 43 
shows the higher relative yields simulated when using the DSSAT crop model for 
both dryland (upper panels) and irrigated (lower panels) maize. However, with the 
higher yield comes higher variability. 
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Summary for Core Question 4 


In this Core Question, only one set of adaptations were simulated that were the 
same for all crops and all areas. The interventions indicated mostly positive yield 
changes. 


Findings for Decision-Making, Lessons Learned, Key Messages, 
and Next Steps 


Making research results of climate change studies accessible and transforming them 
into useful information for policy and decision-making is a complex challenge. 
Research projects are mostly designed with a specific objective. They are gener- 
ally designed to meet the information needs of specific stakeholder groups. Tools 
developed in projects mostly disseminate research data on a broad scale. At times 
they may not provide answers to specific questions of certain individuals within a 
stakeholder group. 

However, the importance of scientific advice in planning and policy making 
for climate change adaptation is widely acknowledged (O’Meagher et al., 1998; 
Godfrey et al., 2010; Ziervogel et al., 2016). In order to make sustainable deci- 
sions, governmental institutions, NGOs, and private organizations require a thorough 
understanding of the projected future impacts of climate change on their sector, of 
the problems that may occur, and what the possible solutions to these problems may 
be (Houtkamp et al., 2016). This section drafts conclusions, identifies key messages 
applicable to stakeholders in the policy making environment, and identifies lessons 
learned from this study. 


Findings for decision-making 
Temperature 


Although the changes in temperature vary depending on the GCM and RCP consid- 
ered, minimum and maximum temperatures are projected to be consistently increas- 
ing over the entire Free State Province and the study region of Botswana. This 
increase is noticeable by its consistency across models, independently of the GCM 
or the RCP. 


Rainfall 


Unlike temperature, rainfall projections for the Free State and Botswana are incon- 
sistent across GCMs, some showing positive and others negative changes, with these 
changes also of various amplitude. There is no justification at this stage to show more 
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confidence in either positive or negative change projections, more especially over 
an area as large as the Free State or Botswana. 


Dryland summer crop production (maize and sorghum) 


Under current management, but future climate conditions, dryland maize and 
sorghum yields averaged over the Free State are projected to remain at around 
the current production levels and may even be slightly higher, according to crop 
model projections based on calculations where each unique soil, climate, and crop 
management combinations that were simulated had an equal weight. This can be 
attributed to, first, relatively cooler regions becoming warmer, which will benefit 
plant development, and, second, the crops not being overly sensitive to a 2° C increase 
even in the warm production regions. However, under current management and drier 
futures (“Cool-Dry” and “Hot-Dry”), yield decreases are projected in those areas 
where presently most of the maize in the Free State is produced. 

With future management and future projected climates, the relative yield changes 
are similar to those under the “business-as-usual” scenario for all the crops. Even 
with future management, just as with current management, a “Cool-Dry” scenario 
projects the lowest yields of the five GCMs simulated. There is some indication that 
yield variability might increase under the Skorokoro (RAP 5). 

For both maize and sorghum, the APSIM crop model indicated slightly higher 
yields under climate change than the DSSAT crop model. However, there is a good 
correlation in the average yield offsets between the models for each of the five 
GCMs. The largest discrepancies between the two crop models are projected for 
maize, with the APSIM crop model indicating mainly production gains under all 
GCMs, while the DSSAT crop model indicates no change or production losses. 


Dryland winter crop production (wheat) 


In the Free State, dryland wheat yields under future climate, but current management 
is projected to be significantly lower than those of the baseline period (1980-2010). 
Even with the projected future management that includes conservation agriculture, 
this yield reduction will not be offset. Inter-annual yield variations are also relatively 
large. 

Wheat, which is a winter crop and relies on the carry-over of soil moisture from 
the previous season and the onset of rain from the season of cultivation, will be 
negatively affected by climate change. With current profit margins on wheat being 
low, plus the added risk in planting associated with a projected climate change, 
producers will likely further reduce their area under dryland wheat. This will require 
additional imports to meet the local demand. 
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Irrigated production systems 


Under current and future management and future climate, irrigated maize yields are 
projected to be lower than current, while irrigated wheat yields will remain much 
the same as at present. Irrigation as a mechanism to adapt to the effects of climate 
change will not be as profitable in the future as at present, if management does not 
change. The lower yields under projected future climates can be attributed to the 
temperature sensitivity of these plants that are growing under non-water-stressed 
conditions. 


Adaptations 


All the production systems in the Free State will benefit from using the best available 
genetic material under current and future production systems. Future production 
systems will also benefit from using heat-tolerant cultivars and later plantings. Over 
66% of farmers would adopt such a strategy. Investment into the breeding of higher- 
yielding, heat- and drought-tolerant maize and wheat cultivars could help to mitigate 
the effect of climate change. 


Lessons learned 
Upscaling from local to regional scale 


The study explored AgMIP’s RIA methodology and protocols across a range of 
scales from local to regional, using “unmatched” data, meaning that the data used 
are not survey data, but data compiled from an array of sources. The large volume 
of data as often found with datasets that have an extended spatial representation but 
contain a high level of detail, such as in this study, encompassing the entire Free 
State, has been found to pose some challenges that do not apply to smaller datasets, 
as noted below: 


e The large quantity of climate data did not allow the data to be used in association 
with the tool that is used to convert crop-modeling data to standard AgMIP format 
(QUAD-UI). Subsequently, the automatic planting function could not be used. 
The automatic planting function is rule-based and allows simulations to emulate 
plantings, such as would have been found in the “real world” if the timing and 
amount of rainfall would have been enough for planting. 

e Even if the large datasets are uploaded onto FACE-IT, which is a computing 
platform on acloud server and contains tools that allow for automated simulations, 
the problems in the previous point limited this option as the QUAD-UL is also an 
integral part of this system. The benefit of using the cloud server would have been 
automation of the processes and computing speed. 
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e A large number of potential choices of GCMs in the sub-setting approach, when 
there are multiple climate stations, implies that different stations may lead to a 
different choice of GCM selected. 

e The setup and time to run the APSIM simulations were challenging because of 
the large number of singular files required and the stability of the system. 


Stratification — Relating to yields, production, and spatial dispersion 


For the study, it was decided to stratify based on the majority type of crop planted 
to a “farm”. This resulted in seven strata. These strata, however differed in their 
spatial dispersion as some crops (i.e., maize and sunflower) are planted over the 
entire province, while others (i.e., sorghum or soybeans) are region-specific. Spatial 
dispersion and/or clustering of fields influences yield calculations if these are calcu- 
lated to all have equal weight. Area weighted yields would be a better representation 
of yields for extended regions. 


Lessons learned from stakeholder interactions 


The following were some of the lessons learned during interactions with the stake- 
holders in workshops and individual consultations when developing the RAPs and 
adaptation strategies: 


e Adaptation strategies need to be further developed with the end user in mind, 
implying also that their participation is crucial. From Table 14 it is evident that 
farmers do not have control over the whole value chain. Ensuring current but also 
future profitable farming systems requires the consideration of agribusiness as 
well as government, ensuring fair trade, access to markets, financing, and access 
to resources. 

e Communication is thus crucial between the different role players ensuring that 
farmers can adapt not only to future climate conditions but also to future economic 
conditions as commercial farming enterprises in the Free State are already trading 
in an open market that is influenced by global economics. 

e The adaptations should be evidence-based. Not all adaptation solutions are equally 
effective, i.e., this study indicates that irrigation is not the best-suited option to 
mitigate the effects of climate change because of lower projected profitability. 
However, there are many solutions that farmers may implement that have been 
well researched and proven, e.g., water harvesting (Botha ef al., 2003). 

e The adaptations should include a benefit-to-cost analysis. There are changes to 
on-farm management decisions that do not necessitate a large investment and then 
there are those that require a financial input. Before farmers change operational 
management practices and invest capital to adopt an adaptation strategy, they 
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should do a cost-benefit analysis. This, however, also applies to interventions at 
a policy level, i.e., insurance products with government backing. 

e The adaptations should consider the cultural and market preferences of the stake- 
holders. Commercial farming systems are market-driven and farmers will plant 
what the consumers want even if it is not the most suitable option for the produc- 
tion environment. Research might indicate one crop to be suitable to the projected 
production environment under climate change, but, because this product does not 
meet the consumer preference there is no market. Subsistence farmers, on the 
other hand, plant crops of their choice that meet their dietary preferences often 
based on traditions. 

e Changing perceptions as to planting alternative crops that are better suited to 
a changing/changed climate will require changes in traditions, which is quite 
difficult. The alternative crops might also have a different nutritional value to the 
crops that are traditionally planted. 

e Adaptations should consider the role of maize in the food security discourse, i.e., 
subsistence vs. small-scale vs. commercial. South Africa, in most years, is a net 
exporter of maize. Maize is often exported to other countries in the region, making 
it important to regional food security. However, this maize is produced under 
commercial farming systems which face very different outlooks and challenges 
than those experienced by subsistence or small-scale farmers in Botswana. In the 
event of droughts, subsistence and small-scale farmers are often forced to purchase 
food in the market. 

e Most regional governments base their national food security assessments on 
the amount of gain, i.e., maize stored. Post-harvest losses of stored grain are, 
however, often a big problem in the subsistence farming sector, while storing 
grain in silos often has a high cost. One adaptation at government level could 
be to purchase maize at the national level and export, banking the profits. This 
will ensure that post-harvest losses are reduced and a fund would be available 
to import maize in years with low production due to drought to ensure food 
security. 

e Adaptations should diversify farming options (from major crops to livestock, 
game, agri-tourism or non-traditional crops). Crop farmers should, if projected 
climate change makes production unsuitable or very variable, diversify their sys- 
tems to incorporate other enterprises and vertically intensify land use. 

e Adaptations should be taking a whole farming system approach that is context- 
specific. If farmers choose to adapt, through investment into advanced mecha- 
nization that would allow double cropping, the reduction of available land could 
potentially negatively influence the farm’s livestock enterprise by the reduction 
of available grazing/land. 
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e Adaptation should consider the temporal scales that suit the stakeholder, i.e., 
farmers are more interested in the short-term adaptations (1-3 years), but climate 
change addresses longer-term adaptions (20-50 years). 

e Adaptations proposed should consider the regional context. Results from the study 
have clearly indicated that adaptations should not only be suited to a specific 
crop but that different regions could benefit from different adaptation options. 
Furthermore, adaptations might also differ due to the density in the cropping area 
and the economic circumstances. 

e In terms of adaptation options, small-scale and/or subsistence farmers are more 
interested in biophysical adaptations (yield-gap). These farmers mostly produce 
for own or village/district-level demand. Their livelihoods are dependent on their 
production. Thus, reduced yields or crop failures have a large impact on their per 
capita income/poverty rate. 

e In terms of adaptation options, on the other hand, commercial farmers are more 
interested in policy adaptations. Most commercial farmers trade their produce in 
the open market. The trading environment as governed by legislation, policy, and 
traffic is thus important to them. If a trade is blocked to certain markets that are 
traditionally outlets, farmers may incur great losses. 

e Political uncertainty, especially in the commercial farming systems of the Free 
State of South Africa, is of a bigger concern to commercial farmers than climate 
uncertainty. For example, land redistribution, expropriation of land without com- 
pensation, and on-farm security are major issues of current uncertainty. 


Dissemination of information 


The theatre was regarded as a major highlight of the stakeholder engagement in 
both South Africa and Botswana. There was an immediate uptake of the the- 
atre and opportunities were identified to use this methodology in similar research 
projects, i.e., Rain 4 Africa. the Centre for Coordination of Agricultural Research 
and Development for Southern Africa (CCARDESA) has the knowledge manage- 
ment portfolio on Climate Change in the region. The work of AgMIP and the Impact 
Explorer has attracted the attention of CCARDESA, and a need for collaboration 
was expressed. Such collaborations were identified as opportunities to build on 
and enhance the knowledge management platform on Climate Change outputs and 
information in the SADC region. 

The AgMIP methodology also had a major influence on crop estimates in South 
Africa. Crop models form part of the maize crop estimate system. Over the years, 
the method was refined and the AgMIP methodology has been adapted to simulate 
maize using an analogue weather forecasting system. Crop model results using the 
DSSAT crop model are presented as input to the CEC from February to May. 
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Key messages 
South African stakeholders 


e Over 60% of farmers in the Free State are projected to adopt proposed adaptation 
packages. Investment into the breeding of heat- and drought-tolerant cultivars 
and research into conservation agriculture and good crop husbandry are therefore 
important. 

e Expanding irrigation as a strategy to mitigate the effects of climate change in the 
Free State will be a poor choice of an adaptation strategy, as crop models indicate 
that yields are projected to decrease marginally. 

e In the future, as a result of a projected decrease in yields, wheat imports to South 
Africa may have to be increased. However, the crops that are used in animal 
feed, viz., maize, soybean, and sunflower oilcake, are projected to be available to 
support the increase in a higher-protein diet that is associated with a South African 
urban diet, specially in light of the projected increase in white meat consumption. 

e Commercial farmers indicate that they are more interested in policy adaptations 
than in biophysical adaptations and these will have to be addressed to ensure con- 
tinued plantings of the staple crops, especially in the light of national food security. 


Botswana stakeholders 


e With the current crop management but projected future climate simulations indi- 
cated increased sensitivity to low soil water content and increased potential evap- 
otranspiration under the dry conditions of the Southern and Northern regions 
resulting yield reductions. 

e Simulation of adapted agricultural systems under current climate yielded little 
change compared to current system responses. 

e Future crop management systems under projected future climate that included 
zero tillage and shifting the planting window three weeks forward in the Southern 
region and the implementation the BBF technique in the Northern Region resulted 
in a disparity between the crop models with DSSAT indicating positive yield 
changes and APSIM simulating losses. 

e The effect of climate change can however be mitigated by also adapting interven- 
tions. such as heat-tolerant and drought-tolerant cultivars. 


Food security 


Food security is widely recognized as a complex social problem and as such is 
also one of AgMIP’s main objectives. There is broad agreement that food secu- 
rity involves ensuring that everyone has enough food for a healthy and produc- 
tive life, now and in the future (Hendriks, 2014). However, the understanding has 
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broadened from food production to ensure national food security to include factors 
affecting household and individual food security, food chain analysis, and commu- 
nity food security (Frayne ef al., 2009). Issues related to environmental and social 
sustainability of the food system have also recently become more prominent in food 
security discourses (Battersby, 2012). 

This study indicates that the commercial farmers in the Free State of South 
Africa, when under “business-as-usual” with climate change (i.e., current manage- 
ment and future climate) can expect current or even higher yield levels. However, 
their economic stability could be under pressure. Less profitable farmers could leave 
the industry and the number of mega-farms (i.e., highly industrialized ones) could 
increase and cover larger areas. In his PhD thesis, Liebenberg (2013) highlighted 
the trend that farm size in South Africa is increasing. In the year 2000 the average 
commercial farm size, nationally, was 1640 hectares and this continued to grow to 
about 2113 hectares per farm in 2007. Much of this can be related to the economy 
of scale. 

National food security will thus likely be in the hands of fewer individuals 
and more corporations that are mainly in the private sector. This is contrary to 
what the current government wants, viz., smallholder farmers. Given the current 
mistrust between the private sector and the government in South Africa, coupled 
with unpredictable policies (e.g., land reform), future private sector investment and 
market participation are likely to be limited, with farmers opting for lower risk 
farming enterprises other than cropping, such as livestock, game farming, or agri- 
tourism. This, in the end, might lead to a collapse of the present farming system, 
possibly endangering national food security, which could then add a heavy burden 
on the national treasury. 

Indications are that future technologies and interventions could mitigate the effect 
of climate change. This, however, calls for investment into research that will lead to 
high-yielding adapted heat- and drought-tolerant cultivars. In the commercial sector, 
the main breeding programs are spearheaded by large multinational corporations 
and the price of the new technologies might also increase the cost of production and 
possibly result in increasing food price inflation. 

Regarding small-scale and subsistence farming systems, such as those found 
in Botswana, consumption diversification, i.e., including staples other than maize 
to the diet, could provide a key to helping vulnerable households’ deal with food 
price shocks. There also should be a move away from maize-centric policies, where 
unpredictable government actions could deter the private sector from participating 
in the market (Tschirley et al., 2006). The Water Efficient Maize for Africa (WEMA) 
project that aims to develop drought-tolerant and insect-protected maize with a goal 
to make these varieties available royalty-free to smallholder farmers could mitigate 
the effects of climate change on these households’ food security (Edmeades, 2013). 
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Next steps, where to from here? 


In this study, it has become clear that in order for stakeholders, policy makers, or 
farmers to make informed and well thought-through decisions they require reliable 
evidence to support their decision process. The structure and methodology of this 
study allowed linking quantitative and qualitative evidence in a scientific process 
and to unpack the complex research questions in a manner that is acceptable to 
scientists, in that it is well documented and can be replicated; and stakeholders and 
policy makers, in that outputs, are made accessible through visualization, i.e., graphs 
and maps. 

Using the two crop models has indicated that uncertainty about probable future 
yields are not only due to the uncertainty of projected climate but may also be due to 
crop model uncertainties. Conclusions on probable future yields in climate change 
studies should therefore not be based on a single crop mode but should include an 
ensemble. Along with using a crop model ensemble the models should each not 
only be tested for their sensitivity towards the variable that is important to climate 
change, viz., CTWN, but these tests should also include some of the variables that 
are included in the adaptations, i.e., radiation use efficiency (RUE), temperature 
at which maximum development rate occurs for reproductive stages (ROPT). This 
would allow discovering further disparities between crop models and the variables 
driving the functions. 

Although, the study included the inputs from stakeholders only two plausible 
futures were considered. “Storylines” constructed for different plausible future will 
differ from stakeholder group to stakeholder group. 

The adaptations applied in the study were limited because they were the same 
for each crop and were applied to crops over the entire region. The study, however, 
indicated that a “one-size-fits-all” approach is not optimal and adaptations should be 
tailored to crops and regions. Future studies could easily integrate variable adaptation 
measures using a geo-database approach when setting up crop model input files. 

This climate change study is based on the mean (median) expectation for both 
crop and socio-economic outputs and does not consider inter-annual variability. The 
boxes and whiskers of the box and whisker plots, however, give some indication 
of the potential variability of future cropping/socio-economic systems. In other 
words, what this study is lacking, and what is especially important to commercial 
crop farmers, is inter-annual yield (production) variability. Inter-annual variability 
is important to farmers because this gives an indication of the risks they must take. 

Future climate change studies can benefit from the spatial framework and 
transdisciplinary characteristics developed by expanding the spatial reference to 
a national scale and including structural land use change attributed to conjectured 
land reform. Stakeholders’ expectations as to the near future (2010-2030) should 
be included as well as some indications as to potential projections to end-of-century 
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(2070-2100). Other limitations that future studies should include are the changes in 
yield due to pest, weeds, and diseases. 

All in all, the study indicated that on average, for the two plausible futures 
simulated, farmers will still be able to be profitable and the Free State will still be able 
to deliver to South Africa’s Staple basket and food security. The future of small-scale 
farming systems in Botswana as current will however still be under pressure except 
if they introduce adaptation measures, such as heat- and drought-tolerant cultivars. 


Appendix 


Economic analysis, Core Question 1: What is the sensitivity of current 
agricultural production systems to climate change? 


See main text, pages 46-56. 


Economic analysis, Core Question 2: What are the benefits of adaptation in 
current agricultural systems? 


The commercial farming system in South Africa is fully privatized and there is 
very little government intervention. Economics-related shocks to the system are 
mainly from excessive fuel price hikes, large fluctuations in the exchange rate, 
and fluctuations in both the local (SAFEX) and international (CBOT) grain trading 
floors. The only intervention that was introduced in the economic simulations was 
a decrease in farm expenditure of 2% on those input items listed in Table 5 (main 
text) and a 5% increase in off-farm income. 


Economic statistics for Core Question 2 


The results of the economic analysis and welfare indicators using the TOA-MD 
Impact Assessment are presented in Table A.1 and Table A.2. The high adoption 
rate for the aggregate of strata (Table A.1; avg. 77%) and the maize > 75% stratum 
(Table A.2; avg. 80%) indicate that commercial farmers would benefit if they used 
the best adapted genetic material available on the market for their specific region. 

Although not applicable to commercial farming systems, the negative figures in 
the change in poverty rate (%) indicate that farm households that are less impover- 
ished have a higher per capita income available. 


Change in net returns per hectare for Core Question 2 


Figure A.1 (left) is a graphical summary of the change in net returns from the 
baseline for the aggregate of strata and the maize > 75% stratum (Fig. A.1, right). 
Both figures indicate the positive change in net returns if farm expenditure can 
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Table A.1. Socio-economic statistics for the aggregate of strata for Core Question 2. 


Crop Intervention Change in Net Returns ChangeinPer Change in Poverty 
Model Adoption Rate (%) per Hectare (%) Capita Income (%) Rate (%) 
APSIM 80 183 101 —21 
DSSAT 74 360 172 —32 
Average 77 271 136 —26 


Table A.2. Socio-economic statistics for the maize > 75% stratum for Core Question 2. 


Crop Intervention Change in Net Returns Changein Per Change in Poverty 
Model Adoption Rate (%) per Hectare (%) Capita Income (%) Rate (%) 
APSIM 86 1925 483 —25 
DSSAT 74 4515 1127 —40 
Average 80 3220 805 —33 


Q2 - Change in net returns per hectare (%), aggregate of strata Q2 - Change in net returns per hectare (%), maize >75% strata 


Change from baseline (%) 


Change from baseline (%) 
oe u R 
y 
4 


1000 

100 
500 

o 


APSIM DSSAT APSIM DSSAT 


Fig. A.1. Changes in net returns per hectare (%) in the Free State with adaptations for the aggregate 
of strata (left) and the maize > 75% strata (right), for simulations using the APSIM and DSSAT crop 
models under current climate, with the red bars representing the APSIM and blue bars the DSSAT 
crop model-based simulations, noting that the scales differ. 


be reduced, off-farm income increased, and the best suited genetic material for a 
production environment is used. 


Summary for Core Question 2 


Both selected crop models indicate that farmers can benefit financially from (a) using 
well adapted cultivars for their production region and (b) if they could marginally 
reduce their input costs and increase their off-farm income. 
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Economic analysis, Core Question 3: What is the impact of climate change 
on future agricultural production systems? 


The APSIM and DSSAT crop models were used to simulate crop yields under both 
RAPs and the current and future climates. Figure A.1 depicts the mean relative yield 
changes in relation to the standard deviation for dryland and irrigated maize under 
the Pap, Vleis, and Gravy (RAP 4) and Skorokoro (RAP 5). The aim of these graphs 
is to give an insight to crop model differences in yield and yield variability for each 
of the simulated crops in relation to the stratum as this cannot be deducted from the 
relative yield for Core Question 1 (e.g., Figs. 33 and 34, main text) because these 
graphs depict yield changes for the crops over all strata. 


Economic statistics for Core Question 3 


For each RAP, the economic analysis includes two price scenarios. The first assumes 
the IMPACT price trends with and without climate change. This scenario is referred 
to as the “high price scenario” since the IMPACT price trends indicate higher future 
prices. The second scenario, i.e., the “low price scenario”, assumes that prices in 
future without climate change are the same as the base period prices. For the price 
with climate change, the “low price scenario” uses the ratio of the price with climate 
change to the price without climate. The low price range assumes the following: 


i. Current price = future price with no CC. 
ii. Deviation of prices with climate change with respect to no climate change is the 
same for high and low prices. 


Tables A.3 and A.4 for the aggregate of all strata and the maize > 75% stratum 
respectively present the economic statistics and welfare indicators. Socio-economic 
Statistics (i.e., the percentage of households represented by the farm portions vul- 
nerable to loss of income due to projected climate change) indicate that it will be 
less vulnerable to climate change given the projected changes in crop management 
and economics. This is better than if the future follows a “business-as-usual” trend 
as indicated in Core Question 1. The aggregate of all strata (Table A.3) indicates that 
32% of households will be vulnerable to climate change under a low price scenario 
and 39% will be vulnerable under a high price scenario. This is significantly lower 
than the 55% of households found to be vulnerable under a “business-as-usual” 
scenario as simulated in Core Question | (Table 14, main text). Forty percent of 
maize systems (Table A.4) will, however, be vulnerable. The poverty rate aggregate 
of all strata (Table A.3) is only 2%, this being significantly lower than the 10% 
of “business-as-usual” aggregate as observed in Core Question 1 (Table 14, main 
text). However, it is still an indication that some farmers will lose owing to climate 
change. 


Table A.3. Socio-economic statistics for the aggregate of all strata for Core Question 3. 


Change in Net Change in Per Change in 
Households Returns per Capita Income Poverty Rate 
Net Impact (%) Vulnerable (%) Hectare (%) (%) (%) 


Crop Model RAP GCM Low High Low High Low High Low High Low High 


APSIM RAP4 Middle 30 25 35 36 41 35 38 33 0 1 
APSIM RAP4 Cool-Dry 10 7 44 46 14 9 20 15 3 
APSIM RAP4 Hot-Wet 42 35 34 35 57 48 49 43 —1 0 
APSIM RAP4 Cool-Wet 38 31 33 34 51 43 46 40 —1 0 
APSIM RAP4 Hot-Dry 24 20 39 40 34 28 31 26 2 
APSIM RAPS Middle 62 51 31 33 84 69 70 59 —1 0 
APSIM RAPS Cool-Dry 29 22 37 39 39 31 43 35 3 3 
APSIM RAPS Hot-Wet 54 44 34 35 73 60 62 52 0 1 
APSIM RAPS Cool-Wet 66 54 30 32 90 74 75 64 =2 0 
APSIM RAPS Hot-Dry 44 36 35 36 60 49 53 44 1 2 
DSSAT RAP4 Middle 12 10 41 41 16 13 20 17 2 2 
DSSAT RAP4 Cool-Dry 1 =1 51 53 1 =2 10 6 3 3 
DSSAT RAP4 Hot-Wet 14 11 39 40 18 16 22 19 3 3 
DSSAT RAP4 Cool-Wet 15 13 37 38 21 18 25 22 2 2 
DSSAT RAP4 Hot-Dry —2 =2 54 55 =2 =2 6 5 6 5 
DSSAT RAP5 Middle 38 30 30 31 51 41 50 42 1 2 
DSSAT RAPS Cool-Dry 19 13 39 40 25 18 33 25 3 2 
DSSAT RAPS Hot-Wet 21 16 38 40 29 21 33 26 4 4 
DSSAT RAPS Cool-Wet 41 33 28 29 56 45 54 45 0 1 
DSSAT RAPS Hot-Dry 22 17 36 38 30 23 35 28 3 3 
Average RAP4 18 15 41 42 25 21 27 23 2 2 
Average RAPS 40 32 34 35 54 43 51 42 1 2 


Average All 29 23 37 39 39 32 39 32 2 2 
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Table A.4. Socio-economic statistics for the maize >75% strata for Core Question 3. 


Change in Net Change in Per Change in 
Households Returns per Capita Income Poverty Rate 
Net Impact (%) Vulnerable (%) Hectare (%) (%) (%) 


Crop Model RAP GCM Low High Low High Low High Low High Low High 


APSIM RAP4 Middle 33 25 35 37 45 35 44 34 —2 -1 
APSIM RAP4 Cool-Dry 2 1 49 50 3 1 3 1 3 5 
APSIM RAP4 Hot-Wet 46 36 33 37 63 49 6l 48 —4 =2 
APSIM RAP4 Cool-Wet 41 31 33 35 56 43 55 43 =3 =2 
APSIM RAP4 Hot-Dry 26 20 39 41 35 27 35 27 0 1 
APSIM RAP5 Middle 70 54 33 34 96 74 93 72 =3 -1 
APSIM RAP5 Cool-Dry 26 18 39 41 35 25 34 25 3 

APSIM RAPS Hot-Wet 62 48 36 37 85 65 83 64 —1 1 
APSIM RAP5 Cool-Wet 77 60 30 32 105 81 102 80 —5 —2 
APSIM RAPS Hot-Dry 48 36 36 38 66 50 64 49 0 2 
DSSAT RAP4 Middle 9 6 40 42 13 9 13 9 3 3 
DSSAT RAP4 Cool-Dry —8 =] 58 59 —11 —10 —10 —10 5 4 
DSSAT RAP4 Hot-Wet 9 7 41 43 13 9 13 9 3 3 
DSSAT RAP4 Cool-Wet 13 9 36 38 18 13 17 13 2 2 
DSSAT RAP4 Hot-Dry —7 =] 57 57 —10 —9 —10 =9 7 6 
DSSAT RAP5 Middle 26 19 33 35 36 26 35 25 3 4 
DSSAT RAPS Cool-Dry 3 0 47 0 4 0 4 0 4 3 
DSSAT RAP5 Hot-Wet 7 3 45 47 9 5 9 5 7 7 
DSSAT RAPS Cool-Wet 35 25 29 30 47 35 46 34 0 1 
DSSAT RAP5 Hot-Dry 9 5 43 45 12 7 12 7 6 6 
Average RAP4 16 12 42 44 22 17 22 17 2 2 
Average RAPS 36 27 37 39 49 37 48 36 1 3 
Average All 26 19 40 41 36 27 35 26 2 2 
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Q3 - Impact on mean farm net returns, aggregate of strata, RAP4 Q3 - Impact on mean farm net returns, aggregate of strata, RAPS 


140 140 


E 
S 


e 
8 


40 
=E HE g 
0 


60 -- == 
E E | = 


Impact on mean farm net returns (%) 
Impact on mean farm net returns (%) 


Middle Cool-Dry Hot-Wet Cool-Wet Hot-Dry Middle Cool-Dry Hot-Wet  Cool-Wet Hot-Dry 
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Fig. A.2. Box and whisker plots representing the net impact on mean farm net returns (%) for the 
Free State over both the crop models (APSIM and DSSAT), price structures (low and high), and the 
five GCMs for the aggregate of the seven strata (top) and the maize > 75% stratum (bottom) for RAP 4 
(Pap, Vleis, and Gravy; left) and RAP 5 (Skorokoro; right). 


The gross uncertainty of future production systems, as simulated with the two 
crop models, two RAPs, and five GCMs under the two price scenarios, is evident in 
the large variation in per capita income change in the maize > 75% strata (Table A.4). 
The change in per capita income ranged from — 10% simulated with the DSSAT crop 
model yield inputs under Pap, Vleis, and Gravy (RAP 4) with “Cool-Dry” and “Hot- 
Dry” climate projections to 102% as simulated using the APSIM crop model-based 
yield inputs under Skorokoro (RAP 5) for a “Cool-Wet” future. This large variation 
can be ascribed to the large variation in maize production systems spatially, the 
variation in crop management, and most probably also to the climate sensitivity of 
the crop. 


Net impact on mean farm net returns for Core Question 3 


The predicted net impact on mean farm net returns (percentage) for Pap, Vleis, 
and Gravy (RAP 4) and Skorokoro (RAP 5) simulations for each of the seven 
strata are shown in Fig. A.2. These box and whisker plots indicate the predicted 
net impacts for each price (high and low) and relative yield scenario (vertical axis) 
across the climate scenarios (horizontal axis). Zero percent is the reference on each 
graph. 

Mean farm net returns are generally lower under Pap, Vleis, and Gravy (RAP 4) 
than Skorokoro (RAP 5), due to higher prices under Skorokoro (RAP 5) and a small 
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Frequency Distribution of Net Returns for Maize >75% Strata, Q3, Middle (GEXF), RAP4, High Price 
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Fig. A.3. Frequency distribution of net returns (ZAR per hectare) for the Maize > 75% strata for 
Core Question 3, for Pap, Vleis, and Gravy (RAP 4) under a high price scenario. 


difference in the projected changes in the area between the two RAPs. For dry- 
land maize systems (Fig. A.2, bottom), mean net farm returns can be negative or 
significantly lower than the other four climate scenarios if the future is to be “Cool- 
Dry”. The large inter-quartile range for dryland maize under Skorokoro (RAP 5) is 
an indication of larger uncertainty in the mean farm net returns if this pathway is 
followed. 


Change in net returns per hectare for Core Question 3 


As maize is the most important crop planted in the Free State, it is important to 
understand the net impact the projected future crop and economic management 
decisions have on the net returns of this crop. Figure A.3 presents the frequency 
distribution of net returns (ZAR per hectare) for the maize >75% stratum for Core 
Question 3 for the “Middle” (GEXF) climate projection assuming Pap, Vleis, and 
Gravy (RAP 4) under a high price scenario. 

Crop model simulations are based on similar crop model inputs as those of 
Core Question 1, except for the projected changes in crop management, i.e., stable 
soil organic carbon levels and better rooting depth to simulate drought tolerance 
(Table 5, main text). It becomes clear that the projected pricing structure benefits 
maize production. Instead of nearly half of the farms incurring a loss, as simulated 
in the baseline (System 1) of Core Question 1, the new projected pricing structure 
simulates that most farmers will be profitable. The shift in the frequency of net returns 
is mainly positive for the APSIM crop model-based economic simulations. This is 
reflected in the higher and positive net impact (25%) and change in net returns (35%) 
as reflected in Table A.4. However, both crop model-based simulations indicate a 
slight increase in the frequency of net returns in the order of 5000 to 7000 ZAR 
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Low price High price 


Q3 - Change in net returns per hectare (%), aggregate of strata, low price Q3 - Change in net returns per hectare (%), aggregate of strata, high price 
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Fig. A.4. Changes in net returns per hectare (%) for the Free State from future baseline climate (a) 
aggregate of strata and (b) maize >75% strata for simulations using the APSIM and DSSAT crop 
models for each of the five climate scenarios under Pap, Vleis, and Gravy (RAP 4) and Skorokoro 
(RAP 5) under low price (/eft) and high price (right) scenarios, with the red bars representing the 
APSIM crop model-based simulations and blue bars the DSSAT crop model-based simulations. 


per hectare range in relation to the baseline, indicating that there may be some 
areas within the Maize > 75% strata that lose out to climate change, while other 
areas may benefit. However, the DSSAT- based economic simulations reflect a less 
positive shift in net returns than the APSIM-based simulations (Table A.4). 
Relating to the question of whether cropping in the future under climate change 
will still be a profitable enterprise, Fig. A.4 shows that crop farmers are projected 
by and large to not lose out. Both crop models indicate from the aggregate of all 
strata that crop farming in the Free State will still be profitable, with higher profits 
projected with the APSIM crop model simulations than with those using the DSSAT 
crop model (Fig. A.4, left). However, a “Cool-Dry” future will net the lowest profits. 
According to the DSSAT crop model-based projections, the maize cropping system 
might be under strain, as under the drier projected futures the net impact on mean 
net returns per hectare might be negative by ~ 6% (Fig. A.4, right). Thus, given 
the technological advancements in crop management and projected changes in the 
socio-economic environment, the future of agriculture in the cropping sector will 
still be profitable. This differs from the results from simulation in Core Question 
1 simulating no change or “business-as-usual” scenario (Core Question 1, Fig. 28, 
main text) where first there is a large uncertainty as indicated by the extended boxes 
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(y-axis) and second two of the five scenarios indicate farmers losing out and the 
other three indicate only marginal positive net impact. 


Summary for Core Question 3 


The net impact on mean net farm returns is positive for the aggregate of the strata 
over both price projections. This indicates that 20% farmers in the Free State would 
potentially benefit from climate change under the Pap, Vleis, and Gravy (RAP 4) 
and this may increase to just over 40% under Skorokoro (RAP 5). The percentage of 
the farming population that will benefit from climate change however changes from 
strata to strata and is also different between the RAPs. Indications are that more 
farmers will benefit from climate change under Skorokoro (RAP 5) than under Pap, 
Vleis, and Gravy (RAP 4) which is counter-indicative to what is generally assumed, 
i.e., that conservation agriculture will be more beneficial under climate change. 
Thus, the future socio-economic environment, i.e., price, area under production, 
off-farm income; will be just as important as the changes in crop management. 

Most indications are that the changes in net returns per hectare are positive. This 
implies that even if some farmers might still not be profitable under the conjec- 
tured crop management and socio-economic conditions, the impact of the projected 
climate might not be as severe that they will increase their losses but rather that the 
projected climate change may have a positive impact and mitigate the loss. These 
losses may even be further alleviated if farmers were to introduce adaptations to the 
conjectured crop management and socio-economic conditions as presented in the 
next section. 


Economic analysis for Core Question 4 


The results of the economic analysis and welfare indicators using the TOA-MD 
Impact Assessment are presented in Table A.5 and Table A.6 for the aggregate of 
all strata and the maize > 75% stratum, respectively. The positive aspects of the 
interventions are confirmed by the high adoption rate, i.e., 67% under both the high 
and low price scenarios as presented in Table A.5 for the aggregate of strata. The 
maize > 75% stratum also indicates an adoption rate of over 64%. 

The reduction in poverty rate (%), as indicated by negative numbers Table A.5 
and Table A.6, also confirms the success of implementing future interventions to 
mitigate the effect of climate change. 


Change in net returns per hectare for Core Question 4 


Farmers would like to know if the proposed interventions are profitable, as 
these actions require deviation from traditional production methods and systems. 


Table A.5. Socio-economic statistics aggregate of all strata for Core Question 4. 


voc 


Intervention Change in Net Change in per Change in 
Adoption Rate Returns per Capita Income Poverty Rate 
(%) Hectare (%) (%) (%) 

Crop Model RAP GCM Low High Low High Low High Low High 
APSIM RAP4 Middle 62 6l 28 25 32 30 -15 -15 
APSIM RAP4 Cool-Dry 65 64 30 26 32 30 —11 -12 
APSIM RAP4 Hot-Wet 63 62 25 22 29 27 -13 -13 
APSIM RAP4 Cool-Wet 62 61 26 24 30 29 —14 -15 
APSIM RAP4 Hot-Dry 54 53 23 21 27 25 —16 —16 
APSIM RAPS Middle 57 56 27 26 30 30 -15 —16 
APSIM RAPS Cool-Dry 56 56 28 26 32 31 -13 —14 
APSIM RAPS Hot-Wet 59 58 26 25 28 2. -13 -13 
APSIM RAP5 Cool-Wet 61 60 27 26 31 31 -15 -17 
APSIM RAPS Hot-Dry 51 51 24 23 29 28 —16 -17 
DSSAT RAP4 Middle 73 72 50 44 47 44 -5 —6 
DSSAT RAP4 Cool-Dry 74 73 52 44 49 45 —4 -5 
DSSAT RAP4 Hot-Wet 74 73 57 51 52 48 -5 -5 
DSSAT RAP4 Cool-Wet 73 73 49 43 46 43 —4 -5 
DSSAT RAP4 Hot-Dry 74 73 57 49 52 48 -5 -5 
DSSAT RAP5 Middle 74 74 54 49 52 49 -2 -2 
DSSAT RAPS Cool-Dry 76 75 56 50 54 50 -2 0 
DSSAT RAPS Hot-Wet 74 74 62 56 58 53 —4 —2 
DSSAT RAPS Cool-Wet 74 74 48 43 48 45 1 1 
DSSAT RAPS Hot-Dry 75 75 60 54 56 52 -3 -2 
Average RAP4 67 67 40 35 40 37 -9 —10 
Average RAP5 66 65 41 38 42 40 —8 —8 
Average All 67 66 40 36 41 38 -9 =9 
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Table A.6. Socio-economic statistics for the maize > 75% strata for Core Question 4. 


Intervention Change in Net Change in per Change in 
Adoption Rate Returns per Capita Income Poverty Rate 
(%) Hectare (%) (%) (%) 


Crop Model RAP GCM Low High Low High Low High Low High 


APSIM RAP4 Middle 64 63 21 19 21 19 —8 —8 
APSIM RAP4 Cool-Dry 68 67 27 22 27 22 -5 -5 
APSIM RAP4 Hot-Wet 65 63 20 19 20 18 =7 —8 
APSIM RAP4 Cool-Wet 64 62 21 19 21 19 —8 —9 
APSIM RAP4 Hot-Dry 53 52 20 20 20 20 —15 =15 
APSIM RAP5 Middle 54 53 23 22 23 22 —16 —16 
APSIM RAPS Cool-Dry 51 51 21 20 21 20 —14 —15 
APSIM RAP5 Hot-Wet 56 55 25 24 24 24 —15 —15 
APSIM RAPS Cool-Wet 64 63 22 21 22 20 —8 —8 
APSIM RAPS Hot-Dry 45 45 16 16 16 16 —15 —15 
DSSAT RAP4 Middle 73 73 62 51 61 50 —10 —8 
DSSAT RAP4 Cool-Dry 73 73 65 51 64 51 —11 —8 
DSSAT RAP4 Hot-Wet 74 74 74 61 73 60 —10 -7 
DSSAT RAP4 Cool-Wet 73 73 59 49 59 49 =9 —7 
DSSAT RAP4 Hot-Dry 73 74 15 59 74 59 —9 —6 
DSSAT RAP5 Middle 75 75 71 61 70 60 —8 =5 
DSSAT RAP5 Cool-Dry 76 76 72 59 70 59 -7 —4 
DSSAT RAPS Hot-Wet 75 T5 90 75 88 74 —10 —6 
DSSAT RAP5 Cool-Wet 75 75 57 50 56 49 0 2 
DSSAT RAPS Hot-Dry 75 T3 82 68 80 67 —9 —6 
Average RAP4 68 67 45 37 44 37 =9 —8 
Average RAP5 65 64 48 42 47 41 —10 —9 


Average All 66 66 46 39 45 39 =10 —8 
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Fig. A.5. Changes in net returns per hectare (%) for the Free State for the aggregate of the seven 
strata (top) and the maize > 75% strata (bottom), for simulations using the APSIM and DSSAT crop 
models for each of the five climate scenarios under RAP 4 and RAP 5 with a low price (/eft) and high 
price (right) scenario, with the red bars representing the APSIM crop model-based simulations and 
blue bars the DSSAT crop model-based simulations. 


Figure A.5 indicates the change in net returns per hectare. Indications are that farm- 
ers will potentially benefit by implementing the proposed adaptations. The positive 
change in net returns indicated by both crop models points out that farmers may 
increase their profit or decrease their losses by adding an adaptation strategy to the 
anticipated future crop management. 


Summary for Core Question 4 


In this Core Question, only one set of adaptations were simulated that were the same 
for all crops and all areas. The interventions indicated mostly positive yield changes 
and positive changes in net returns per hectare. There are, however, indications that 
the interventions should be tailored for each crop and possibly region individually. 
The socio-economic analysis indicated that on average 66% of the farmers aggregate 
over the Free State would adopt suggested interventions as this would increase their 
net returns per hectare and if falling into a loss category, adaptations may mitigate 
these losses. 
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Additional considerations 
Economics and vulnerability 


If “business-as-usual” in terms of crop management and pricing structure prevails 
into the future, those farmers with a large irrigation component might just break 
even or incur slight losses under climate change. However, under proposed future 
scenarios, which include price changes, changes in crop management and yield 
trends, these losses may be offset, and farmers may become profitable. 

If “business-as-usual” management and pricing structure continue with climate 
change for the maize-based systems, the economic trajectories as simulated under 
medium and high GHG emission projections differ between the two crop models. 
The APSIM crop model-based economic simulations indicate a higher projected 
probability of profitability, while the DSSAT crop model-based simulations indicate a 
higher projected probability of loss. This disparity between the two crop models is an 
indication of projected uncertainty that is associated with crop production in a future 
world with climate change if “business-as-usual” crop management and current prices 
should prevail. Future crop management and associated yield trends coupled with 
future prices and crop area expansion/retraction may improve profitability and stabil- 
ity of the dryland maize-based systems under climate change. However, the DSSAT 
crop model-based simulations indicate very low profit margins. 

This would also eliminate the disparity between the yields and the economic 
analysis as presented in the study which is based on production that is built on 
weighted yields. 

It was found that although the baseline frequency distribution of net returns was 
normal for a stratum representing a region (see Fig. 27, main text) projected future 
climate may influence net returns in a stratum by having a positive influence on net 
returns for some farms in the region represented by the strata and a negative effect 
in other areas This may influence means and standard deviations of the net return 
input to the TOA-MD model. 

The study might have benefitted if the strata, such as maize >75% or sunflower, 
would have been further subdivided into more strata based on, e.g., yield potential 
as this is often region-specific due to annual rainfall received. 


Economics and key messages 
South African stakeholders 


e South Africa’s staple Staple basket, viz., the Free State, will most probably 
not “run empty” by 2050, even with increased temperatures, but the projected 
inconsistency in the amount of rainfall and the number of days with rainfall will 
become important. 
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e The Free State cropping enterprises are likely to remain profitable under future 
projected management and pricing structures, excluding wheat-based systems, 
except if the projected future will be “Cool and Dry”. 

Crop production of dryland maize, sunflower, and soybeans, and maize and 
wheat under irrigation will not be affected markedly by climate change if 
current management is advanced by adopting conservation agriculture, using 
heat- and drought-tolerant cultivars and cultivating at optimized planting 
dates. 

Profitability might be higher under the Skorokoro (RAP 5) scenario, how- 
ever, yield variability is less under the Pap, Vleis, and Gravy (RAP 4) 
which can mainly be attributed to the projected pricing structures for the 
commodities associated with each of these projections by global economic 
models. 


Where to from here? 


The economic analysis of the Free State cropping enterprises using TOA-MD 
model indicates that these are likely to remain profitable under future projected 
management and pricing structures, excluding wheat-based systems, except if the 
projected future will be “Cool-Dry”. The study has underlined the importance of a 
transdisciplinary approach to bridge agricultural, meteorological, social, and eco- 
nomic disciplines in an attempt to find answers to possible future challenges faced 
by both commercial and small-scale crop farmers, based on projected climate and 
economic and social changes. 

The study has also demonstrated that, although optimal data were not avail- 
able (i.e., household surveys with production end economic information), substi- 
tute information with spatial linkages may be used. The introduction of a spatial 
component to the RIA framework could be a valuable advancement if the very 
percent change in net returns for >75% maize systems can be more rigorously 
explained. 

Inclusion of a spatial component may add a lot of value to a RIA, espe- 
cially if more of the capabilities that this methodology offers is used. The expan- 
sion/contraction in land use (area) was calculated and used as input to the simulations 
as a factor added or subtracted to the field size. However, in the “real world” field 
size often do not change, but it is the land use area that changes. In future studies, 
the field boundary map in conjunction with the field classification can be reclas- 
sified reflecting changes in land use or more or fewer fields planted to a certain 
crop. Insights into possible changes in area planted may be gained from equilibrium 
economic models. These models can inform on projected land use changes based on 
projected profitability, however, in turn, the RIA can inform the models on projected 
yield changes. 
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Introduction: Regional Agriculture and Climate Change Challenges 


This study provides a unique contribution to improving agricultural systems in the 
face of changing climate and socio-economic conditions, integrating multi-modeling 
research with stakeholder engagement to inform future-oriented decision processes. 
In areas like semi-arid Zimbabwe, rural communities are highly vulnerable to climate 
variability. Climate risk is not a future issue, but constitutes a current threat to 
food security, if no improvement actions are taken. This study therefore frames 
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the potential for agricultural systems to transform under current conditions and 
under future conditions where different pathways would lead agricultural systems 
to respond more favorably. 

As global research has shown, climate change increases risk in agricultural 
production systems (Rosenzweig et al., 2008). In Southern Africa, predicted tem- 
perature increases are 3%-4%, up to 7% by mid-century, combined with a likely 
decrease in rainfall by 4% and greater rainfall variability. For smallholder farm- 
ing communities that are already vulnerable, Southern Africa has been identified 
as a “hot-spot” for climate change (Christiaensen et al., 2007; Morton, 2007). 
Severe consequences on food systems and food security are likely (IPCC, 2007, 
2019; Thornton et al., 2009). Adverse effects on crop and livestock productivity are 
compounded by growing human populations, along with their greater demand for 
food and feed (Herrero et al., 2010). Given the high levels of uncertainty, there is need 
for robust characterization of climatic and other socio-economic risks (Antle et al., 
2015). 

For Zimbabwe, transformation of agriculture is urgently needed to improve food 
security and incomes (Mano and Nhemachena, 2007; Rippke ef al., 2016). Agri- 
culture is based on rainfed crop—livestock farming and produces more than 80% of 
the food (Herrero et al., 2010; FAO, 2012). Adaptation to the effects of climate is a 
complex undertaking for the following reasons. First, farming communities exhibit 
a large spatial heterogeneity, resulting in the need to tailor adaptation options to 
varying biophysical and socio-economic conditions (Giller et al., 2011; Antle et al., 
2014; Descheemaeker et al., 2016b). 

Second, conditions are also dynamically changing over time. Trajectories of 
change correspond to future socio-economic conditions, which determine the chal- 
lenges and opportunities farmers will face to adapt to climate change. The dynamic 
changes include technology and services development, input availability, market 
demand and prices, alternative income opportunities, and uncertain commodity price 
development (Hazel and Wood, 2008). Third, farm households in this region are cur- 
rently already vulnerable; that is, they regularly experience losses due to climate- 
induced extremes, e.g., dry spells, droughts, and hailstorms (Moyo and Nangombe, 
2015). 

Most of the smallholder farmers are resource-poor and exposed to multiple 
sources of risk. Typically, they operate on less than 2 ha of rainfed agricultural land, 
are reliant on family labour, and have little or no access to productive resources, 
such as agricultural inputs, technologies, and support services (Harris and Orr, 
2014). With low production levels, they have few surpluses for sale, and with poor 
market infrastructure, they have little opportunity to participate in markets (Kandji 
et al., 2006; Moll, 2005). That is, constraints to increasing resilience are often situ- 
ated beyond the farm level, necessitating consideration of more transformative and 
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institutional changes to offset the negative effects of climate change (Descheemaeker 
et al., 2016b). 

Climate change adaptation strategies present an opportunity towards improving 
food security and livelihoods of smallholder farmers (Lipper et al., 2014). However, 
the absence of concrete and context-specific information on the climatic risks, vul- 
nerabilities, and effectiveness of adaptation options can hinder effective decision- 
making, with fundamental questions remaining: What climate change adaptation 
options would improve agricultural productivity, food security, and farm income 
under current and future settings? And beyond technical interventions, how can we 
design agricultural production systems that would lead to more desirable livelihood 
outcomes at low risk and cost (e.g., Campbell et al., 2014)? 

Three broad management strategies form the core of this chapter: risk manage- 
ment, diversification, and sustainable intensification for smallholder mixed farming 
systems. The strategies are informed by prior studies, which show that most 
communities in Zimbabwe are already experiencing significant impacts from cli- 
mate events and that currently promoted interventions are insufficient to improve 
the livelihoods of rural communities (Masikati et al., 2015). Enhancing farm diver- 
sity (crops, livestock, and off-farm activities) contributes to spreading production 
and market risks (e.g., Rodriguez et al., 2011; Descheemaeker et al., 2016a). It 
provides more options for better integration of crops and livestock, and more effi- 
cient resource use (Lemaire et al., 2014; Garrett et al., 2017). Intensification through 
improved crop and livestock management and improved crop varieties and livestock 
breeds can then increase overall system productivity and stability (e.g., Bliiemmel 
et al., 2013; Tarawali et al., 2011). 

At and beyond the farm scale, there is a need to make agriculture more attrac- 
tive as an investment, so that farmers can capture economic opportunities, including 
infrastructural development, market-oriented support, and financial services (Thorn- 
ton et al., 2009; Descheemaeker et al., 2016a). This includes evidence of improved 
outcomes, based on which policy and decision makers can design technology and 
institutional development. Testing the options in real time is neither possible nor 
ethical, resulting in the need for appropriate ex ante impact assessments, simulation 
methods, and tools (e.g., Antle et al., 2017; Masikati et al., 2017; Shikuku et al., 
2017). 

In this chapter we apply the Agricultural Model Inter-comparison and Improve- 
ment Project (AgMIP) regional integrated assessment (RIA) methodology in the 
context of smallholder crop—livestock farmers in the Nkayi district in semi-arid Zim- 
babwe. The study builds on earlier multi-modeling experiments that showed limited 
impact of business-as-usual pathways on poverty reduction (Masikati et al., 2015). 
Incremental changes, such as fertilizer application, improved seed, or the incorpora- 
tion of forage production, would increase agricultural production and food security; 
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however, each intervention in and of itself remained insufficient to substantially 
improve the conditions of smallholder farmers (Masikati et al., 2015). We therefore 
engaged in another cycle of research and designed more transformative pathways 
and adaptation options with stakeholders, changes that were deemed realistic and 
that would meaningfully improve farmers’ livelihoods, even for the most resource- 
constrained farmers. 

The objective of the chapter is to assess the sensitivity to climate change (i.e., the 
percent of households experiencing economic losses attributable to climate change) 
and the possible impacts of improved farm management. We then assess the impacts 
of two contrasting future agricultural systems to climate and climate change adap- 
tation that could result in measurable improvements in farmer food security and 
livelihoods. 


Mixed Crop-Livestock Agricultural Production System 


Nkayi is a rural district in Natural Region IV in Zimbabwe (Vincent and Thomas, 
1961; Fig. 1, left), characterized by low and variable rainfall (<650mm average 
annual rainfall) and droughts that occur every two out of five years. Poor fertility 
of the prevailing sandy loam soils and continuous cultivation with limited input use 
result in low agricultural productivity for this rainfed system. Natural Region IV 
conditions cover about a third of Zimbabwe (Homann-Kee Tui et al., 2013). The 
district has a total area of approximately 5320 km?, of which about 42% is arable 
(32% fallow, 10% cultivated) and less than 1% is irrigated (Chirima, satellite image 
2013). 

According to national statistics, more than 70% of the national population depend 
on agriculture for their livelihoods, of which about 20% reside in Natural Region 
IV zones like Nkayi. Poverty in Nkayi is the highest in the country, with more than 
76% of the rural population estimated below the poverty line (US$1.5 per capita 
expenditure per day), and more than 22% extremely poor (<US$1 per capita expen- 
diture per day, ZimVac, 2013). Food self-sufficiency varies from 3 to 10 months 
depending on the annual rainfall, leaving rural households extremely vulnerable to 
the adverse effects of climate change. 

Farming in Nkayi is predominantly cattle-maize systems, in a communal set- 
up, with farms of different levels of resource endowments (Homann-Kee Tui et al., 
2015; Fig. 1, right). Crop production and livestock production are generally inte- 
grated, with crop residues as the key dry season feed resource, and with live- 
stock draft power and manure providing important services to crop production. 
All farmers cultivate maize, with about a third also producing groundnuts and 
another third producing small grains as secondary crops. Current crop yield lev- 
els are extremely low, similar to the national average. Maize fluctuates around 
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Fig. 1. Study location and Nkayi district in Natural Region IV in Zimbabwe (left) and schematic 
representation of a typical mixed crop-—livestock farming system with its biophysical and economic 
components and interactions (right). 


Source: Adapted from Masikati et al., 2015. 


0.7tha7!, sorghum around 0.5 tha™!, and groundnuts around 0.4tha™!. Histori- 
cally, maize yield levels attained up to 1.5tha~! and 4.5tha™! in the communal 
and commercial sectors, respectively, whereas sorghum and groundnut yields com- 
monly reached up to 2.5t ha~' in the commercial sector (Ministry of Agriculture, 
2007). 

About 60% of the households keep cattle and/or goats and donkeys, which they 
use mainly as a source of draft power and organic fertilizer, as well as cash income. 
Livestock productivity is also low, as evidenced by high mortality rates (which can 
be more than 15%), low milk yields (<1.51cow7! day~'), and low offtake rates 
(less than 10%, Homann-Kee Tui ef al., 2013). Despite dry season feed shortages 
and poor feed quality, less than 5% of farmers produce forages. Crop residues are 
the most common source of supplementary feed. 


Key Decisions and Stakeholder Interactions 


Stakeholder engagement 


The research was carried out as a participatory and iterative process with trans- 
disciplinary teams of researchers and stakeholders co-designing alternative sets of 
improved management packages, future scenarios, and climate-change-motivated 
adaptation options. Possible adoption and impacts were then tested through a multi- 
model framework, AgMIP RIA (Antle et al., 2015; Valdivia et al., 2015). The 
co-design process was conceptualized and conducted as part of a longer-term dia- 
logue, where researchers explore with stakeholders’ options for more desirable agri- 
cultural production systems. We started with improved management packages for 


222 S. Homann-Kee Tui et al. 


current agricultural production systems, and then added adaptation pathways to 
futures with climate change, and the impacts on rural livelihoods. 

Scenario design followed several steps. First, typical current agricultural produc- 
tion systems in Nkayi district were characterized using system diagrams, such as the 
example shown in Fig. 1. Building on the results of earlier simulations that showed 
that currently promoted technologies (incremental scenarios) would not have sub- 
stantial impacts on smallholder livelihoods (Masikati et al., 2015), more ambitious 
and transformative scenarios were assessed. 

Following arequest from stakeholders, packages for improved farm management 
that could be realized within the next five years were assessed. To develop options 
that respond to context-specific priorities — specifically for smallholder farms under 
high-risk rainfall conditions — and that are realistic and culturally accepted, these 
packages were verified with local communities and regional stakeholders. 

Next, external drivers anticipated by 2050 were identified and quantified in dis- 
cussion with provincial-level decision makers and experts. Optimistic institutional 
and policy directions to enable desired changes in farm management were identified, 
agreed, and quantified. Adaptation options were then identified that would address 
the climatic impacts of changes in temperature, water, and CO, under those future 
conditions. 

Integrated crop, livestock, and economic models were used to assess sensitivity 
to (and impacts of) climate change and the impact of improved management under 
current conditions. The models then simulated future worlds, analysing the impact 
of climate change and adaption under different climates and socio-economic condi- 
tions. The analyses dissected impacts for the most common farm types, considering 
heterogeneity in the rural households’ vulnerability to and ability to adapt to cli- 
mate change owing to differences in resource endowment. Results were shared with 
stakeholders for iterative discussion of key messages, adjustment of institutional or 
policy directions (scenarios) under consideration, or modification of adaptations to 
assess. 


Improved management of current agricultural production systems 


Stakeholders expressed the need for urgency in improving the conditions for agricul- 
ture in the near future. They held the opinion that combined improvement of access 
to inputs, knowledge, and markets would motivate farmers to intensify agricultural 
production and make fuller use of cultivated land areas. Improved management pack- 
ages were defined as interventions that would improve agricultural production sys- 
tems under the current climate, composed of currently available technologies that are 
accessible and attractive for the extremely poor farmers and for those with more live- 
stock (Table 1). The packages were developed through several one-day workshops 
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Table 1. Summary of parameters for stepwise approach on improved management package. 


Maize Sorghum Groundnuts Mucuna Cattle Market 
incentive 
p p Qe. = 
Ho w O *| Yo 
Improved cereal management Intensification & expansion of legumes 
Step 1 Cropland: 76% Cropland: 13% Cropland 9% 
Improved varieties | Improved varieties 
O Seed density: +30%+ | © Seed density: +40% 
O Fertilizer: 20 kgN/ha | Fertilizer: 20 kgN/ha 
O Manure: 1100 kg/ha 
Step 2 Cropland: 49% Cropland: 13% Cropland: 23% Cropland: 14% O Improved 
Improved varieties llmproved varieties Improved varieties fodder quality 
O Seed density: +30% | © Seed density: +40% | = Seed density: +40% and quantity 
O Fertilizer: 20 kgN/ha | Fertilizer: 20 kgN/ha Fertilizer: 100 kg P/ha 
O Manure: 1100 kg/ha _ Mechanized shelling 
O Crop rotation 
Step 3 Cropland: 49% Cropland: 13% Cropland: 23% Cropland: 14% 0 Improved O Double 
Improved varieties ilmproved varieties Improved varieties fodder quality | market 
L Seed density: +30%+ | || Seed density: +40% Seed density: +40% and quantity price 
O Fertilizer: 20 kgN/ha J Fertilizer: 20kgN/ha | “P-Fertilizer 
O Manure: 1100 kg/ha 
O Crop rotation 


with 15—20 farmers each. Farmers in different resource-endowment groups defined 
options for changing farm configuration (e.g., reallocation of land, herd sizes, man- 
agement improvements) if access to markets and services were improved. These 
packages were revised by experts from crop, livestock, and economics disciplines. 

The improved management packages were then simulated in a three-step 
approach, each step illustrating the additional effects of further intensifying crop- 
livestock farming. Changes in crop management and livestock feed as intermediary 
outputs from the crop model were used as inputs to the livestock model and inter- 
mediary outputs from the crop and livestock simulations were used as inputs in the 
economic simulations. 


e Step 1: Promote and intensify maize and sorghum as staple crops, through 
increasing yields by applying low rates of inorganic fertilizer (microdosing at 
20kg N/ha), improving manure application (1100 kg manure per ha maize), use of 
existing improved high-yielding varieties, and increased planting densities (30% 
higher than current density, to on average 5.6 plants m). More residues are avail- 
able as livestock feed. 

e Step 2: Building on Step 1, we calculated how much land each household would 
convert from cereals to legumes (half groundnuts and half Mucuna pruriens). 
With increased cereal yields obtained in Step 1, less land was needed to fulfil self- 
sufficiency. Maize self-sufficiency was calculated as the household maize require- 
ments, defined as 120 kg per person per year (FAO, 2009). Improved groundnut 
management involved P-fertilizer application, improved high-yielding groundnut 
varieties, and increased planting densities (40% higher than current density, to 
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on average 6 plants m°). Legumes were rotated with cereals. This improved soil 
properties, provided more nutritious feed for livestock, and thereby improved 
feed quality. We assumed that shelling machines were available to enable the 
processing of larger volumes. 

Step 3: Building on Step 2, farmers also used existing market opportunities and 


organized the sale of groundnut. Farmers switched from selling unimproved and 
non-shelled groundnut at a farm-gate price of US$0.25/kg to targeting traders 
who aggregate larger volumes of improved shelled groundnut at US$0.75/kg. 
The price increase seemed realistic as already a price of US$1.10/kg was being 
paid, confirmed by the weekly market guide and published by the Zimbabwe 
Farmers’ Union. 


Pathways to future agricultural production systems 


Assessing the likely impacts of climate change and adaptation of farming systems 
under future climatic conditions has to also consider the influence of non-climatic 
future drivers affecting the agricultural systems. Alternative sets of representative 
agricultural pathways (RAPs) were therefore established and quantified, which link 
possible climate scenarios with future socio-economic and biophysical conditions. 
In focus group discussions, researchers engaged with 4—6 experts at the provin- 
cial level who had a background in crops, livestock, and agricultural economics. 
We used a “Business-as-Usual” RAP as a baseline and from there generated a 
Sustainable Development Pathway (SDP), and a Rapid Economic Growth Path- 
way, to illustrate possible trade-offs between sustainable-development-motivated 
and economic-growth-motivated priorities. It was assumed that Zimbabwe would 
continue to emerge from its economic crisis of 15 years and trend towards positive 
economic development, with good potential for improved agricultural production 
and productivity. 

Table 2 summarizes the changes in key variables by magnitude and trends; 
the projected parameters were quantified and used as inputs to crop, livestock, 
and economic models. RAP Business-As-Usual (BAU) (Baseline) characterizes 
the current situation, for comparison with RAP SDP (Sustainable Develop- 
ment) and RAP REG (Rapid Economic Growth). RAP SDP assumes that pub- 
lic and private investments, coupled with improved access to knowledge and 
markets, motivate uptake of improved agronomic practices and technologies. 
This, in turn, enables transformation from subsistence to market-oriented pro- 
duction, resulting in sustainable intensification, with more diversified and bet- 
ter integrated crop—livestock farming. Inclusive development strengthens social 
organization, benefiting from improved production-to-market activities for a 
broad range of farmers. Capacity gains are anticipated for large parts of the 
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Table 2. Trends and magnitude for key agricultural systems variables under RAP BAU 
(Business As Usual), RAP SDP (Sustainable Development) and RAP REG (Rapid Economic 
Growth), for Nkayi district, Matabeleland province. 


Category Variable 
Inorganic fertilizer prices 
Seed prices 
Crop output prices 
Livestock health input prices 
Livestock feed prices 
Livestock output prices 


Farm size 
Socio- ; 
economics HH size 


Herd size 
Off-farm income 


Gender equality and equit 


Asset ownership and decision making CA 
La al 


Women empowerment 


Food access and availabilit 


Malnutrition 


Category Variable 
Use of inorganic fertilizer 
Use of improved seed 
Use of livestock health inputs 
Technology Use of livestock feed 
Crop diversification 


Mechanization 


Category Variable 
Ground/surface water availabilit 
Soil nutrient depletion 
Biophysical Rangeland health 
Crop pests control 


Livestock diseases control 


(Continued) 
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Table 2. (Continued) 


| | 
Land tenure security | — | on we 
Investment in infrastructure | ae — | thd 
Minimum Support price | gui rand | — 
Crop input subsidies | atl | nid | eony 
Crop insurance | — | peril | rand 
Livestock input subsidies | s | aide Ed 
7 
Policy - Livestock insurance | — lee ra 
Institutional | of formal credit | pa ee aan 
Public invest in irrigation | —_ | A Paw 
Public invest in crops | — | wor |_— 
Public invest in livestock | —_—_— | ad ea 
Staple crop imports | — | ENR | x~ 
Livestock imports | = | N” | ~ 
Market participation | — | Pil Fa 
Legend 
No Small Smalto Mediem | Mom | arge Small Small to Medien | Medio | arge 


; Medium to large ; medium to Large Disappear 
change | increase Increase increase | decrease decrease 


P P increase 
increase increase decrease decrease 


La 


Direction A 
and —]| 2 | x Pa Fi / may, | n N Si Sa My X 


magnitude 


population, including improved roles for women and improvements in food and 
nutrition security. 

In contrast, RAP REG prioritizes public and private investments that would sup- 
port agricultural innovation and delivery systems to maximize production. As such, 
RAP REG has a greater reliance on external inputs (e.g., commercial fertilizer, 
off-farm labour, etc.) with agricultural industries providing income opportunities 
(jobs) for the poor. Market priorities drive environmental services and social stan- 
dards, resulting in increasing numbers of resource-constrained households residing 
in marginal agricultural lands with low fertility soils. Compromises to social and 
human health result in women and vulnerable groups being increasingly excluded 
from development, owing to trade-offs between economic growth and women’s 
engagement. 

Table 3 lists projected parameters of the resulting future agricultural systems, 
which were used as inputs to crop, livestock, and economic models. 

Productivity and price trends of specific commodities of the agricultural pro- 
duction system were obtained from IMPACT (The International Model for Policy 


Table 3. Projected future agricultural systems in terms of demographic model parameters (1 = no change) and crop land allocation. 


Business as Usual RAP Business-As-Usual (BAU) 


Extremely Poor Extremely Poor Poor Non-poor 


HH size 1.05 1.05 
Farm size L2 
Off-farm income 1.1 
Cattle herd size 

Goat flock size 1 
Cropland allocation (%) 
Maize 50 
Sorghum 32 
Groundnuts 18 


Mucuna 0 


Poor 


1.05 
1.2 
1.1 
1.2 

1 


Non-poor 


0.9 
1.2 
1.1 
1.2 
1 


Sustainability RAP SDP 


0.9 0.9 0.8 
12 1.4 1.4 
12 1.2 1.2 
5% 1.6 1.6 
2 1.5 1.5 
40 35 35 
10 15 15 
30 20 20 
20 30 30 


Fast Economic Growth RAP REG 


Extremely Poor 


0.9 
0.6 
1.5 


i=) 


TOGOG 


Poor 


0.9 
1.8 
1.1 
1.8 
1.6 


50 
0 
20 
30 


Non-poor 


1.8 
1.1 
1.8 
1.6 


35 
15 
20 
30 
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Analysis of Agricultural Commodities and Trade), which allowed us to capture 
global and regional demographic trends, policies, and markets under each scenario 
(Robinson et al., 2015). Table 4 summarizes productivity trends under each RAP. 
Clearly, the comparison between Sustainable Development and Rapid Economic 
Growth shows higher productivity under sustainable development, as compared to 
rapid economic growth, for all crops and livestock. For fodder, no changes in pro- 
ductivity were assumed. 

We distinguished future price trends with and without climate change, assuming 
that the impact of climate change on agricultural productivity would influence price 
levels. Given the high uncertainty on price projections from global economic models 
(Nelson et al., 2007), we included ranges of high and low future prices to allow for a 
sensitivity analysis. Table 5 summarizes the price trends under each RAP. Price levels 
tended to be higher with reduced agricultural production under climate change. 


Adaptation under future agricultural production systems and climate 


Adaptation of farm systems to the climatic conditions at mid-century included con- 
sideration of the likely socio-economic and biophysical conditions under which 
climate change would affect these farm systems. The measures for improving the 
agricultural systems were part of the Sustainable Development and Rapid Economic 
Growth RAPs, independently of the anticipated climate change. In extensive low 
input systems as found in the Nkayi district, improving the conditions for agricultural 
production as defined in RAP SDP and RAP REG made climate change adaptation 
less significant. In this study, we therefore identified adaptation options that would 
address the climatic impacts of changes in temperature, water, and CO, under the 
socio-economic and biophysical conditions of 2050. The climate change adaptation 
consisted of switching to heat-tolerant cereal varieties that retain the crop life cycle 
and to drought-tolerant legume varieties. 


Data and Methods of Study 


In the RIA, we use a multi-model framework to simulate agricultural production 
systems and possible processes of technology adoption and impacts under current 
conditions and under future perturbed climates for smallholder farming systems in 
Nkayi district. The assessment builds on solid understanding and characterization 
of the agricultural production system in its particular context. 

For agricultural production system analyses, village and household data were 
used, collected in 2011 as part of the CGIAR Systemwide Livestock Programme 
(Homann-Kee Tui et al., 2013). Using a multistage sampling procedure, a total of 
eight villages were selected, based on distances from a central market place and 


Table 4. IMPACT (The International Model for Policy Analysis of Agricultural Commodities and Trade) projected (2050) productivity trends (1 = no 
change) for agricultural outputs mid-century under RAP Business-As-Usual (BAU), RAP SDP, and RAP REG at the national level, under high and 
low price assumptions, with and without climate change, used to quantify model parameters. 


Business-as-usual (BAU) Sustainability (RAP SDP) Fast-economic Growth (RAP TEG) 
High Price Low Price High Price Low Price High Price Low Price 
Productivity No CC With CC No CC With CC Productivity No CC With CC No CC With CC Productivity No CC With CC No CC With CC 


Maize 1.4 1 LA 1 1.1 2.1 1.5 1.6 1 1.1 1:7 1.4 1.6 1 1.1 
Sorghum 135 1 1.1 1 1.1 2.4 1.4 1.6 1 1.2 2 1.5 1.8 1 1.2 
Groundnut 1:35 1 1.1 1 1.1 1:7 1.7 1.8 1 1.1 1,5 1.7 1.8 1 1.1 
Beef 1.3 1 1.15 1 1.15 2.1 1.4 1.4 1 1.1 1.7 1.2 1.2 1 Ll 
Goat meat 1.25 1 1.1 1 1.1 1.6 1.4 1.5 1 1.1 1.3 1:2 15 1 1.1 
Milk 1.1 1.05 1.2 1.2 1.2 1 1.1 1.1 1.2 1.1 1 1.1 
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Table 5. IMPACT (The International Model for Policy Analysis of Agricultural Commodities and Trade) projected (2050) price trends 
(1 = no change) for agricultural outputs under Sustainable Development and Rapid Economic Growth RAPs for Zimbabwe, under high 
and low price assumptions, with and without climate change, for future conditions, used to quantifity model parameters. 


— RAP SDP — — RAP REG — 
High Price Range Low Price Range High Price Range Low Price Range 


Without CC WithCC WithoutCC WithCC WithoutCC WithCC WithoutCC With CC 


Maize 1.5 1.6 1 1.1 1.4 1.6 1 1.1 
Sorghum 1.4 1.6 1 1.2 15 1.8 1 1:2 
Groundnuts processed 1:7 1.8 1 1.1 1.7 1.8 1 1.1 
Beef 1.4 1.4 1 1.1 1.2 1.2 1 1.1 
Goat meat 1.4 1.5 1 1.1 1.2 1.2 1 Ll 
Milk 1.2 1.2 1 1.1 1.2 1.1 1 1.1 
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proximity to the main road in Nkayi. In each village, 20 households were randomly 
selected (n = 160). Community consultation yielded information about key com- 
ponents in relation to current agricultural production systems, local visions, and 
development pathways, and how farmers foresee improvements in their agricul- 
tural production systems. Farm households were stratified into three types based 
on resource endowments (extremely poor, poor, and non-poor), using local wealth 
criteria. Detailed characteristics of the agricultural production systems are given in 
Masikati et al. (2015). 


Climate 


The best available historical weather record, provided by the Department of Meteo- 
rology, Zimbabwe, was gap-filled with the Agricultural Modern-Era Retrospective 
Analysis for Research and Applications (AgMERRA) dataset to create a 31-year 
long daily climate dataset to establish the climate baseline (Fig. 2, Ruane ef al., 
2015). Future climate projections for Nkayi were computed following the delta 
approach, on the basis of 29 global climate models (GCMs), each under a high and 
mid-range GHG concentration pathways (RCP 8.5 and RCP 4.5, respectively). Near- 
future and mid-century future climates were defined as 2010-2040 and 2040-2070 
periods, respectively. RCP 4.5 was chosen to represent a low emission scenario, 
whereas RCP 8.5 was chosen to represent a high emission scenario. The process 
was replicated to create eight virtual weather stations to improve spatial variabil- 
ity attributes of the modeling outcomes. For the baseline and eight virtual weather 
stations created, future daily representative climate datasets were generated. 

The temperature and rainfall changes computed were applied to create 29 
(GCMs) x 2 (RCP) x 3 (future periods) = 174 future daily datasets, for each 
baseline and virtual weather station. In the light of this large number of scenarios 
and the computing requirement later needed for the crop and livestock modeling 
exercise, five GCMs were selected that each fall within a domain that represents 
hot-dry, hot-wet, cold-dry, and cold-wet relative to the ensemble average conditions, 
determined on the basis of mid-century GCM changes spread across temperature 
and rainfall (see also Ruane and McDermid, 2017, for a fuller description of the 
methodology). Contrasting RCPs and GCMs was a way to deal with uncertainty 
in climate projections and explore how impacts would change with the different 
scenarios. 

To reduce the number of GCMs, as proposed by Ruane and McDermid (2017) 
we segregated the ensemble of 29 GCMs’ daily averages (mean temperature and 
rainfall) into five classes (Table 6). The centre of mass in each class is used as 
guidance for the selection of a single GCM representative of this class. The various 
GCM consequent changes vary relatively to stations, RCPs, and time periods. 
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Baseline trends, Nkayi - Zimbabwe (ZWNK) 
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Fig. 2. Temperature minima (blue) and maxima (red) in Nkayi for daily (light) and six months 
running average (dark), with dashed linear trends (no significance). 


Table 6. GCM classification based on combined temperature and rainfall changes. 


Temperature Change Rainfall Change 
Betow median | [Bow median |__| Coray 
__| Above medtan| Below medan | | Hoty] 


Median proximity Median proximity Middle 
[Below median [|__| Above median | Cook-wet 
[| Abovemedian [| Above median | Hotwet | 


For the mid-century period we selected two sets of five GCMs, for RCP 4.5 
and RCP 8.5, respectively (Fig. 3; Appendix 1). The statistics in Table 7 gives a 
summary representation of the two sets of five GCMs. They show the minimum, 
mean, and maximum of the GCMs over the growing season ((GS), here ONDJFM) 
of temperature changes, total rainfall percent change, and number of rainy days 
change. 

For both RCPs, all GCMs and all classes consistently show rise in temperature, 
increasing with time. Under RCP 4.5, the increase in temperature is not as steep 
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Fig. 3. GCM projections for the mid-century period, plotted as temperature change for the growing 
season in degrees C (x-axis) versus growing season rainfall in percent (y-axis), with growing season 
(GS) being the months October—-March (ONDJFM). (a) RCP 4.5, (b) RCP 8.5. 


as projected with RCP 8.5. End-of-century shows an increased temperature up to 
+3°C under RCP 4.5 and up to 5.5°C under RCP 8.5. 

For RCP 4.5, GCM rainfall projections show both increase and decrease, though 
in time decreased rainfall seems more likely. Projections for RCP 8.5, however, 
show consistent decrease in rainfall across all time periods. 


Crops 


Crop production (maize, sorghum, groundnut, and mucuna) at the household level 
was modeled for current and future climate, using the APSIM and DSSAT crop 
models (Hoogenboom et al., 2010, Holzworth et al., 2014). The study utilized crop 
and soil data from previous experiments in the same region, and local management 
practices and cultivars to calibrate and evaluate the models (Twomlow et al., 2008; 
Masikati, 2011; Masikati et al., 2013). 

The crop models were used to assess the impacts of climate change and variation 
on maize, sorghum, and groundnut. Mucuna yield results were shown in a previous 
study (Masikati et al., 2015), hence here we present the effects of mucuna on maize 
and sorghum as organic fertilizer and on livestock as part of feed formulation. 
Average soils for the study area were used (Masikati et al., 2015); however, carbon, 
temperature, water, and nitrogen (CTWN) simulations were done on three soil types 
that differ in both physical and chemical characteristics (Table 8). Poor, average, 
and better soils represented about 29%, 59%, and 12% of farms in the district, 
respectively. The sowing window was set between 1 November and 31 December. 
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Table 7. Changes in growing season (GS) temperature, rainfall percentage, and number of 
rainy days over the 30-year future periods for the five representative GCMs in Nkayi (station 
ZWNK) for RCPs 4.5 and 8.5. 


GS 
GS GS Rainy 
Temp Rain Day 
Future Data Change Change Change 
Station ID RCP Period Summary (CC) (%) (Days) 
Nkayi ZWNK_ RCP4.5 2010-2039 Mean 1.04 —1.28 —2.72 
Min 0.6 —13.4 —11.8 
Max 1.4 9.5 1.9 
2040-2069 Mean 1.94 —6 —6.06 
Min 1.4 —14 —11.4 
Max 2.3 2.6 —0.3 
2070-2099 Mean 2.42 —4.68 —7 
Min 1.6 —12.7 —16.6 
Max 2.9 3.1 —1 
RCP 8.5 2010-2039 Mean 1.14 —9.38 —8 
Min 0.9 —19 —15.3 
Max 1.4 0.5 0:3 
2040-2069 Mean 2.66 —10.38 —12.7 
Min 2 —22.6 —26.4 
Max 3.1 0.1 —4.2 
2070-2099 Mean 4.74 -13.34 —16.68 
Min 3.7 —32 —37.6 


Max 55 —3 —2.5 


Planting was done when at least 15mm of rain was received in three consecutive 
days; in the models, planting was set to be done automatically after the crop models 
detected that the set soil moisture conditions were met. The models, however, do 
not capture important management practices, such as weeding, nor do they consider 
pests or disease incidence. Model outputs used for the current analyses include crop 
yields (grain and stover) and life cycle. 

CTWN analyses were used to differentiate the sensitivity of maize and groundnut 
to individual climate factors under three soil types and simulate impacts of the future 
climate on the two crops across the three soil types in Nkayi district, Zimbabwe 
(Masikati et al., 2019). 

Sensitivity of crops to different factors (CO2, temperature, rainfall, and 
nitrogen) varied across the two crop models and soil types (Figs. 4 and 5). Changing 
climate has a lower impact on yield losses for crops planted in low organic carbon 
soils (OC < 0.7%) than crops planted in average or better soils (OC < 0.7%). 


Table 8. Soil initial conditions used for the APSIM and DSSAT crop models. Soil samples were collected from experimental sites in Nkayi 
district. 


Soil Layers (cm) 
Low Carbon Soil Medium Carbon Soil High Carbon Soil 


PAWC to Rooting Depth (92mm) PAWC to Rooting Depth (65mm) PAWC to Rooting Depth (72mm) 


Parameter 0-15 15-30 30-45 45-60 60-75 0-15 15-30 30-45 45-60 60-90 0-15 15-30 30-60 60-90 90-120 


Organic carbon (%) 0.33 0.27 0.21 0.19 0.09 049 047 043 0.32 0.28 0.89 0.86 0.76 0.57 0.36 
*NO3-N (ppm) 1.70 1.21 1.10 O11 O11 2.13 200 1.71 0.43 043 2.95 2.86 2.84 0.69 0.55 
*LL 15 (mm/mm) 0.15 0.18 0.23 0.24 0.27 0.15 0.18 0.23 0.24 0.27 0.15 0.18 0.23 0.24 0.27 
*DUL (mm/mm) 0.28 0.30 0.30 0.30 0.32 0.28 0.30 0.30 0.30 0.32 0.28 0.30 0.30 0.30 0.32 
* SAT (mm/mm) 0.38 040 040 040 042 0.38 040 040 040 042 0.38 040 040 040 0.42 


Bulk density (gem~>) 1.43 142 155 155 1.61 143 142 1.55 1.55 161 143 142 1.55 1.55 1.61 


Note: *NO3 — N = Nitrate-nitrogen, LL 15 = Crop lower limit, DUL = Drained upper limit, SAT = saturation, PAWC = Plant available 
water capacity. 
Source: Masikati, 2011. 
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Fig. 4. Sensitivity of maize grain and stover to carbon dioxide, temperature, rainfall change, and 
fertilizer application on different soil types, Nkayi Zimbabwe. 


Source: Masikati et al., 2019. 


The crops from average or better soils were most sensitive to projected increases 
in temperature; the two crop models behaved in a similar way, showing reduc- 
tion of both grain and stover under increased temperature. Response to CO, was 
low on maize (0%—-10%) and large increases were simulated for groundnut (20%-— 
55%). Although increased temperature would reduce groundnut yields, the increases 
caused by higher CO, can offset possible negative effects of increased temperatures 
on that crop in the future. 


Livestock 


Cattle production was modeled with the LIVestock SIMulator (LIVSIM, Rufino 
et al., 2009), which predicts monthly milk and meat production and herd dynamics 
based on the genetic potential, feed quantity and quality, and herd management. The 
model used a local breed parameterization and simulated feed availability from the 
crop models (see Descheemaeker et al., 2018 for details on model calibration, testing, 
and simulation settings). The crop and livestock simulations did not account for the 
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Fig. 4. (Continued) 


effects of pests and diseases, or heat stress on livestock. Based on information about 
feed, herd size, composition and management, and breed potential, the livestock 
model simulates the performance of every animal in the herd. The model generates 
outputs in terms of milk production, off-take, herd dynamics, manure production, 
and mortality. 

The livestock model was calibrated for the local breeds of the study area based on 
secondary data from research stations. Feed quality was based on data from the liter- 
ature. To test livestock model performance, simulation outputs were compared with 
the farmer-reported data and a sensitivity analysis was performed (Fig. 6). LIVSIM 
overestimated livestock production as compared to values reported by farmers, but 
captured the variability between households reasonably well. The overestimation is 
not surprising as the model does not simulate events, such as diseases, mortality, 
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Fig. 5. Sensitivity of groundnut grain and stover to carbon dioxide, temperature, and rainfall change 
on different soil types, Nkayi Zimbabwe. 


Source: Masikati et al., 2019. 


and theft. For livestock, we pay more attention to relative effects and the simulated 
absolute values are corrected in the economic model simulations. The sensitivity 
analysis revealed that LIVSIM reacts to changes in parameter and input variables as 
expected and that the model is relatively robust when parameter values stay within 
a reasonable range of uncertainty. 


Economics 


For the economic analysis of climate and adaptation impacts, we used the Trade- 
off Analysis for Multi-Dimensional Impact Assessment Model (TOA-MD, http:// 
tradeoffs.oregonstate.edu; Antle, 2011; Antle et al., 2014). 
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Fig. 6. Scatterplots of reported versus LIVSIM-simulated annual milk production (a) and number of 
calves born in the herd (b) for the current system and baseline climate. The dotted line is the 1:1 line 
and the full line is the regression line. 


Assessment of impacts of climate change, adaptation, and improved manage- 
ment depends on how climate change affects outputs from crop and livestock sim- 
ulation models. Process-based crop and livestock simulation models were used to 
simulate the impacts of climate change on the productivity and the performance 
of adapted systems. Relative yields (ratio of future over current average simulated 
yields or the ratio of adapted over current simulated yields) were estimated for a 
representative sample of sites (i.e., farms) in a region, and these data were then 
used to estimate the relative yield distribution in the population (Antle et al., 2015). 
The relative yield distribution was used to calculate the parameters of the TOA- 
MD, while RAP parameters (off-farm income, farm, and herd and family sizes) and 
IMPACT (The International Model for Policy Analysis of Agricultural Commodities 
and Trade) variables (price and productivity trends) characterized different future 
conditions. 

The outcomes are economic impact variables including vulnerability and adop- 
tion rates, farm net incomes, and impacts on poverty rates, for different strata and 
aggregated for entire populations. Comparing contrasting scenarios, with high and 
low price assumptions, assumed that parameters and values would stay within a 
reasonable range of uncertainty. 

We applied the integrated assessment to the entire population of farms in Nkayi 
district, i.e., the communal set-up with farm types stratified by levels of resource 
endowments. The stratification of farm populations by cattle ownership accounted 
for the fact that farms with different herd sizes would be differently affected by 
climate change and that they have different predispositions to improve and adapt 
(Fig. 7). We used household-specific input variables with respect to soil type, input 
level, cultivated land, animal numbers, and farm size. These came from the sur- 
vey and were adjusted for the improvement/adaptation packages and RAPs. We 
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Fig. 7. Farm strata, by land, herd and family sizes, and distribution (% of farm households). 


calculated the economic values of all crop and livestock sub-components as detailed 
in Homann-Kee Tui et al. (2015). Monetary values for the multiple crop (grain and 
residues) and livestock (sale, draft power, manure, and milk) outputs were all esti- 
mated as opportunity costs, factoring internally used crop and livestock outputs as 
costs to the respective activities. 

Assessment of impacts of climate change, improved management, and adapta- 
tion depends on how the changes affect the outputs from crop and livestock sim- 
ulation models. Process-based crop and livestock simulation models were used to 
simulate the impacts of climate change on the productivity and the performance of 
improved/adapted systems. Relative yields (ratio of future over current average sim- 
ulated yields or the ratio of adapted over current simulated yields) were estimated 
for a representative sample of sites (i.e., farms) in a region and these data were then 
used to estimate the relative yield distribution in the population (AgMIP, 2015). 
The relative yield distribution was used to calculate the parameters of the TOA- 
MD, while RAP parameters (off-farm income, farm, and herd and family sizes) and 
IMPACT (The International Model for Policy Analysis of Agricultural Commodities 
and Trade) variables (price and productivity trends) characterized different future 
conditions. 

We simulated agricultural production systems and possible processes of technol- 
ogy adoption under current conditions and under future perturbed climates. Future 
climate and socio-economic scenarios were linked, RCP 4.5 (low emission scenar- 
ios) associated with the SDP RAP and RCP 8.5 (high emission scenarios) associ- 
ated with the Rapid Economic Growth Pathway RAP. The outcomes were economic 
impact variables including vulnerability and adoption rates, farm net incomes, and 
impacts on poverty rates for different strata and aggregated for the entire population. 


RIA Results 


Introduction and overview of approach 


Assessing the likely impact of improved management on current agricultural sys- 
tems, climate change, and adaptation on future systems requires an integrated mod- 
eling framework that captures the impacts on the various sub-components of the 
systems. The AGMIP RIA methodology uses (i) a multi-model framework that links 
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climate, crop, livestock, and economic simulation models; (ii) RAPs that describe 
future socio-economic, institutional, policy, and conditions; and (iii) management 
and adaptation options generated with stakeholders (AgMIP, 2015). 

This study, as a way to address uncertainty within reasonable ranges, illus- 
trates results for contrasting scenarios. As for climatic uncertainty we accepted that 
increasing temperatures are most likely, whereas there is greater uncertainty about 
future rainfall. Hence, we assessed the climate change impacts for the hot-dry and 
the hot-wet scenarios. To acknowledge uncertainty shaping future biophysical and 
socio-economic conditions, we contrasted different future worlds, the Sustainable 
Development RAP, and the Rapid Economic Growth RAP. To test uncertainty in 
price responses, we also contrasted high and low price assumptions under those 
future worlds. 

The analysis was structured to explore impacts under current vs. future condi- 
tions. We compare four sets of experiments, two under current conditions and two 
under future conditions. For the current conditions, the objective is to understand 
how sensitive the current system is to climate change (Core Question 1) and what 
can be achieved by improving farm management in the near-term (Core Question 2). 
Then under future conditions, we assessed how the system would respond to cli- 
mate change, depending on what pathway is followed, Sustainable Development 
RAP and Rapid Economic Growth RAP (Core Question 3). Finally, we assess how 
a climate change adaptation package would benefit farmers under those futures 
(Core Question 4). 


Core Question 1: What is the sensitivity of current agricultural production 
systems to climate change? 


Here we assess the sensitivity of farming systems to climate change under current 
biophysical and socio-economic conditions. 


Crops 


Crop responses varied under the different climate scenarios and crop models (Figs. 5 
and 6). Effects were negative under the hot-dry scenarios and more negative under 
RCP 8.5 than RCP 4.5. This is due to the increases in temperature characteristic 
of RCP 8.5, with up to 10% yield decreases on better soils (Figs. 8 and 9). Effects 
were less pronounced under the hot-wet scenarios, due to the positive interaction 
between temperature and greater water availability. APSIM projected higher yields 
than DSSAT, with a slight increase in grain under RCP 4.5, more than under RCP 8.5, 
and a decrease in stover under RCP 8.5, more than under RCP 4.5. Although the two 
models exhibited varying responses to climate change on grain and stover yields, the 
models responded similarly in days to maturity, shortening the crop life cycle due to 
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Fig. 8. Yield change ratios for maize, sorghum, groundnut grain, and residues, RCP 4.5, for the 
APSIM and DSSAT crop models. 


temperature across all climate scenarios, with highest reductions of up to 15% for the 
hot-dry scenario. The decrease in life cycle did not impact crop yields substantially 
in the low N conditions, except for grain yield from DSSAT with reductions of 
20% under the hot-dry scenario. The low input maize cropping systems showed a 
20% decrease of about 150 kg/ha. Sorghum showed similar trends as maize, where 
DSSAT and APSIM showed varied responses across GCMs. APSIM simulated lower 
impact than DSSAT. Under RCP 8.5 for the hot-dry scenario, DSSAT simulated 
about 15% and 4% reduction in grain and stover, respectively, while APSIM showed 
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Fig. 9. Yield change ratios for maize, sorghum, groundnut grain, and residues, RCP 8.5, for the 
APSIM and DSSAT crop models. 


no change in grain and a reduction of about 5% in stover yield. DSSAT also showed 
higher variation than APSIM. 

For groundnut the two models showed, on average, positive changes on both 
grain and stover yields, with higher positive changes under RCP 8.5 than under 
RCP 4.5. The DSSAT model showed larger increases and also variations than the 
APSIM model across all climate scenarios under both RCPs 4.5 and 8.5. The DSSAT- 
simulated grain and stover yield increases about 10% under RCP 8.5 in the cool- 
wet scenario. Groundnut yields were projected to increase due to high response to 
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increased CO2, hence mostly positive impacts of climate change on yields (Figs. 5 
and 6). The positive effect of CO, was augmented in the case of wet scenarios but 
offset by negative yield effects in dry scenarios and more generally, the reduced life 
cycle effect associated with temperature increases. DSSAT responded more strongly 
to CO, than APSIM, hence showed higher yield increases under climate change. 

Sensitivity analyses on crops illustrate that changing climate had less impact 
on yields for crops planted in low input systems. Cereal crops, in this case maize 
and sorghum, showed small yield decreases for RCPs 4.5 and 8.5 with slightly 
higher reductions under the latter. Increased temperatures in the future climate can 
have detrimental effects on cereal crops, mainly due to shortening of the crop life 
cycle. For legume crops, there were no substantial changes under RCP 4.5 but yield 
increases and higher variations were simulated under RCP 8.5. Increases in CO, in 
the future climate scenarios may aid in increasing yields and possibly negate the 
impacts of climate change. 


Livestock 


Due to changes in the on-farm fodder production and rangeland productivity, as 
assessed in the sensitivity analyses on crops, the fodder intake of the animals was 
also expected to change with climate change. Fodder intake was more negative 
under hot-dry scenarios and more negative under RCP 8.5 than RCP 4.5. Effects on 
fodder intake ranged from a decrease up to 10% in the hot-dry scenarios, to a smaller 
increase in the hot-wet scenarios. As a result of these changes in feed intake, livestock 
production was expected to be negatively affected by climate change. For example, 
milk production was projected to be negatively impacted by climate change in the 
dry scenarios for nearly all farms, with a stronger negative impact in the non-poor 
farms as compared to the poor farms (Fig. 10). 

In the wet scenarios, the average impact on milk production was positive, with 
less variation between farms compared to the dry scenarios. Offtake and mortality 
were affected in a similar way across climate scenarios and farm types. Overall, 
farms with larger stocking density (the non-poor) exhibited a larger feed gap in the 
dry season, and this made them more vulnerable to the adverse effects of climate 
change. 

In summary, applying the sensitivity analyses on livestock illustrated that live- 
stock was vulnerable to the impact of changing climate, with farmers having larger 
numbers of livestock more negatively affected by the feed gaps. 


Economics 


Climate change resulted in higher vulnerability (losses), with more households 
experiencing losses under high emission scenarios (RCP 8.5) than low emission 
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Fig. 10. Boxplots of average annual milk production in current (base) and future climate scenarios, 
RCP 4.5 and RCP 8.5, each for hot-dry and hot-wet GCMs, for the APSIM and DSSAT crop model- 
based feed inputs. Panels refer to two strata (2 = poor, 3 non-poor). 


scenarios (RCP 4.5). Losses were also higher under hot-dry scenarios, while under 
hot-wet scenarios climate change had positive effects (Fig. 11). The DSSAT pro- 
jections showed higher vulnerability than APSIM mainly due to different effects on 
net returns from crop production. The differing responses of cereals and legumes 
to changes in climate change affected the overall farm response. Cereals play a 
major role in the agricultural system and DSSAT predicted a more negative yield 
response to climate change for cereals than APSIM. Positive climate change effects 
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Fig. 11. Vulnerability to climate change for current (base) and future climate scenarios, RCP 4.5 and 
RCP 8.5, for the APSIM and DSSAT crop models, aggregated for the region. 


on groundnuts balanced the negative effects on cereals. For those with cattle, nega- 
tive effects of climate change on cattle were particularly strong for those with large 
herds. Those with more cattle experienced more losses to climate change under hot- 
dry scenarios because of the high risk of feed shortages. Being non-poor, however, 
they had alternative means to compensate for these feed gaps, as compared to the 
poor, and were less likely to experience complete loss of the asset (i.e., death of 
cattle) than the poorer farms with cattle. 


e Extremely poor: The extremely poor farms with no cattle experienced losses 
(between 38% and 46% and between 29% and 60% vulnerable, for the wet and 
dry scenarios, respectively) but the magnitude of loss was less than that of the 
poor and non-poor farms with cattle. Changes in net revenues tended to be more 
often negative under the DSSAT projections (between 0% and 1% and between 
—4% and —11%, for the wet and dry scenarios), and more often positive under 
APSIM (between 4% and 9% and between —1% and 2%, for the wet and dry 
scenarios, respectively). The results were consistent with the buffering effects of 
groundnuts and the greater likelihood of the poorest farms being located in poorer 
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soils that respond less to climate effects. Groundnuts made up 29% of the farm 
net returns. 
Poor: The poor with small herds experienced a greater magnitude of losses to 


climate change under the dry scenarios than the extremely poor. Between 56% 
and 74% were vulnerable to the hot-dry conditions and between 37% and 47% 
for the hot-wet scenario. Changes in revenues were more negative under the 
DSSAT projections. Because of the importance of cattle in farm net returns and 
the sensitivity of feed availability to climate change, farms with small cattle herds 
were more affected by climate change. Higher losses in maize (—1% to —16%) 
and sorghum (—1% to —16%) under hot-dry scenarios could be related to the 
fact that these farms often have soils of higher N supply, which respond more 
to increases in temperature as compared to the farms of the extremely poor. The 
proportion of groundnuts (15% and 11% of farm net returns, APSIM and DSSAT, 
respectively) was too small to contribute meaningfully to balancing the negative 
effects of climate change. 

Non-poor: The greatest economic losses under dry scenarios were experienced 


by the non-poor farms with large cattle herds (between 74% and 85% vulnerable 
under the dry scenarios and 37% and 43% under the wet scenarios), even though 
they had more assets and options to deal with climate change. These farmers have 
sufficiently large herd sizes to sell more cattle; however, the strong contribution of 
draft power “fixes” the cattle in the system and hinders productive off-take. Feed 
shortages played a major role in reducing net revenues from cattle, especially 
milk production and offtake, while impacts on cereal productivity were small. 
Contributions from legumes were very small, since groundnuts made up 10% and 
7% of farm net returns (APSIM and DSSAT, respectively). 


Climate change impacts on the loss of net returns were highest for the hot-dry 
scenarios and mostly affected those non-poor with large cattle herds (Fig. 12). For 
them, under high emission (RCP 8.5) and DSSAT projections, the magnitude of 
economic losses was up to 20%. Between 12% and 20% of these farms could drop 
into poverty, according to the DSSAT projections for the high emission (RCP 8.5) 
scenarios. There was, however, little change in poverty rate among the extremely 
poor and poor (<5%), as they had already reached a level of being impoverished 
(Fig. 13). Under the hot-wet scenarios the projected poverty effects were small (no 
change projected). 

In summary, sensitivity analyses of the economic impacts of climate change, 
from a whole farming system perspective, illustrate that reducing feed gaps and 
expanding dual-purpose groundnuts and forage legumes as more climate-resilient 
crops along with supplementary feeding have to be considered as a major strategy for 
addressing impacts of climate change, especially for farms with larger cattle herds. 
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Fig. 12. Changes in net revenue under climate change for current (base) and future climate scenarios, 
RCP 4.5 and RCP 8.5, for the APSIM and DSSAT crop models, aggregated for the region. 


Farms without cattle were projected to be in an even worse condition than before 
climate change and already much poorer than the farms with cattle, although the 
effects of climate change were relatively small. Promoting dual-purpose groundnuts 
and converting more land to these more climate-resilient crops can be promising 
options for the poor and extremely poor. 


Core Question 2: What are the benefits of improved management in current 
agricultural systems? 


Current farm net returns for farmers in Nkayi district are low. To understand what can 
be done to improve these farming systems in the short term, a three-step approach 
was suggested: promote and intensify cereal production (Step 1); with higher maize 
yields convert land from maize to legumes and intensify legume production (Step 2); 
and with higher groundnut production (Step 3) use existing market opportunities and 
organize larger sales of groundnuts. 
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Fig. 13. Changes in poverty rate under climate change for current (base) and future climate scenarios, 
RCP 4.5 and RCP 8.5, for the APSIM and DSSAT crop models, aggregated for the region. 


Crops 


In low input systems with fertility depleted soils, increasing fertilizer use from 
the current ~ 6kg/ha to 20kg/ha with rotation, 1100kg/ha of cattle manure, cur- 
rently available improved high-yielding crop varieties, and higher planting densities 
increased cereal grain yields by more than 150% for maize and sorghum. Improv- 
ing groundnut management and using currently available high-yielding varieties 
increased grain yields by more than 200% (Fig. 14). Yield levels and increases were 
higher with APSIM than with DSSAT; where soil fertility is low, APSIM responded 
more strongly to increased N. 

Improved crop management packages (given that farmers would have access to 
technologies and improved seed varieties) if implemented today, would result in 
substantial increases in crop yields. 


Livestock 


The management packages improved the on-farm fodder production and quality, 
which mitigated the feed gaps in the dry season. Increasing the cereal stover amount 
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Fig. 14. Effects of improved crop management on maize (for Step 1 and Step 2), sorghum, and 
groundnuts, by the APSIM and DSSAT crop models. 


through fertilization of improved (heat-tolerant) maize cultivars had only a small 
impact on livestock production (e.g., 6% improvement in milk production, Fig. 15). 
This was because of the low quality of cereal stover, which could not alleviate the 
energy and protein gaps in the dry season. When the production of leguminous 
stover from groundnut and mucuna was increased, not only the dry-matter intake, 
but also the intake of metabolizable energy and crude protein improved, leading 
to better livestock production (e.g., 30% improvement in milk production). Next 
to increased milk production, offtake also increased and mortality went down. The 
level of improvement depended on the stocking rate of the farm, with larger relative 
improvements for the more densely stocked farms, where feed gaps in the current 
system were more severe. 

In summary, livestock would benefit from and add value to the changes in cur- 
rent crop management, through crop diversification, improved crop varieties, and 
intensified management, resulting in improved feed supply. 


Economics 


Possible adoption rates for each of the steps on improving management and incen- 
tives were high (Fig. 16). The APSIM simulations resulted in slightly higher adop- 
tion rates for Step 1, with increased yields under improved cereal management and 
high-yielding varieties, around 86%. For Step 2, having increased cereal yields, 
converting land beyond food self-sufficiency from cereals to legumes, and improv- 
ing management for legumes, adoption rates were projected to be between 80% and 
85%, higher for the DSSAT simulations owing to a stronger response by groundnuts. 
For Step 3, when higher prices for groundnuts were introduced, the adoption rates 
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Fig. 15. Average annual milk production in the current climate with current management (base) 
and improved management (MPa = Step 1, cereal management improved, APb = Step 2, legumes 
expanded and management improved). 


were between 68% and 85%, again higher for the DSSAT simulations. Through the 
step-wise approach we can illustrate farm net revenues increasing from currently 
between US$750 and US$770 to US$1250 and US$1210 (Step 1), to US$1720 and 
US$1620 (Step 2), to US$2070 and US$1940 (Step 3), for APSIM and DSSAT, 
respectively (Fig. 9). 

The results suggest high potential for farmers benefiting from integrated agricul- 
tural development, if instead of scattered improvements of cereal production, greater 
emphasis was given on investing in access to more profitable, currently available, 
high-yielding legume crops and markets. The important message to policy makers 
is that the improved management package plus revitalization of the market systems 
lifted up to 20% of the population out of poverty with each step (Fig. 12). Still, 
almost 50% of the population remained below poverty line, especially those poorest 
farms without cattle. 


e Extremely poor: This type of improved management package resulted in gains 
for the extremely poor without cattle (Fig. 17). When farms without cattle 
adopted improved cereal management, it increased their farm returns by 133% and 
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Fig. 16. Adoption rates of improved management in the current climate, for Steps 1 to 3, by the 
APSIM and DSSAT crop models, aggregated for the region. 


114% (APSIM and DSSAT simulations, respectively); if this was combined with 
improved groundnut production and market links, farm net returns increased by 
34% and 63% (APSIM and DSSAT simulations, respectively). Market incentives 
increased farm net returns by 40% to 43%. For extremely poor farms, sparing 
land for more profitable crops like groundnuts raised their incomes substantially. 
Poverty was projected to decrease from 95% to 81% in Step 1, and from 64% to 
53% in Step 3, respectively (Fig. 18). For these farms the contribution of ground- 
nuts to farm net returns doubled, from 28% (current) to 59% (following Step 3). 
Poor: Improved cereal management, more and better managed legumes, and mar- 
ket incentives for legumes resulted in farm net returns increasing by 62% to 55% 
(Step 1), 21% to 27% (Step 2), and 11% to 33% (Step 3), for the APSIM and 
DSSAT simulations, respectively. This resulted in poverty reductions from 87% 
to 69% in Step 1 and 55% to 49% in Step 3. Lower gains for this group of farmers 
were owing to more of their farm income derived from cattle, for which produc- 
tivity increases were projected to be less than from legumes. The contribution of 
groundnuts to farm net returns however increased from 9% to 43%. 
e Non-poor: The package resulted in farm net return increases of 46% to 38% 
(Step 1), 24% to 29% (Step 2), and 27% to 34% (Step 3) for the APSIM and 
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Fig. 17. Change in farm net revenue in the current climate, for Steps 1 to 3, for the APSIM and 
DSSAT crop models. Panels refer to strata (1 = extremely poor; 2 = poor; 3 = non-poor). 


DSSAT simulations, respectively. Poverty was projected to be reduced from 58% 
to 40% in Step 1 and 29% to 24% in Step 3. Since these farms relied primarily on 
cattle for income, for which large investments were required to reduce feed gaps, 
farm economic gains were less than for the other farmer groups. Contribution of 
groundnuts to farm net returns still increased from 4% to 38%. 


Results showed that where system productivity was low, sensitivity to climate 
change was also low. Improved management resulted in strong responses for all 
farm types, due to the combined effects of improved cereal management and high- 
yielding varieties, intensification and expansion of legumes, and incentives for 
market-oriented groundnut production. Improved management packages for crops 
and livestock, if implemented in the near-term, would improve agricultural produc- 
tion and reduce poverty substantially. 
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Fig. 18. Change in poverty rates, by management Steps 1 to 3, for the APSIM and DSSAT crop 
models. Panels refer to strata (1 = extremely poor; 2 = poor; 3 = non-poor). 


Core Question 3: Whatis the impact of climate change on future agricultural 
production systems? 


In this section, we illustrate how systems would respond to climate change in the 
future, depending on what pathway one would follow: a SDP RAP compared to 
following a Rapid Economic Growth Pathway RAP. 


Crops 


In a future with improved soil fertility, cereal yields were higher as compared to 
today. Cereals were, however, sensitive to climate change, across both models and 
all soil types. Climate change limited production gains of improved cereals, while 
there were possible production gains for groundnuts with increased CO2. Higher 
temperatures are expected to negatively affect cereal crops by accelerating crop 
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phenological stages, resulting in less time for biomass and grain accumulation. Hot- 
dry scenarios resulted in production losses, whereas hot-wet scenarios resulted in 
production gains, as water partially overcame the detrimental effects of increased 
temperature, with better outcomes associated with better soils. 

The APSIM model simulated maize grain yield increases of about 5% across 
all soil types for hot-wet conditions under both RAPs SDP and REG. For hot- 
dry conditions the model simulated grain yield reductions that were higher under 
RAP SDP than RAP REG. Grain yield reductions were higher on better soils than 
on poor soils across RAPs. Under RAP SDP, poor, average and better soils had 
on average yield reductions of 3%, 2%, and 4%, respectively. Under RAP REG, 
reductions were 15%, 15%, and 17% on poor, average, and better soils, respectively. 

The DSSAT simulated maize grain yield reductions across all soil types for 
both hot-wet and hot-dry conditions, and under RAP SDP and RAP REG. Yield 
reductions were more pronounced for hot-dry conditions than for hot-wet conditions. 
For RAP SDP grain yield reductions were 3%, 3%, and 7% for poor, average, and 
better soils, while for hot-dry conditions reductions were 6%, 6%, and 11% for poor, 
average, and better soils, respectively. RAP REG yield reductions were substantially 
higher under hot-dry than hot-wet conditions, with 20%, 23%, and 29% reductions 
for hot-dry and 1%, 3%, and 9% for hot-wet conditions, for poor, average, and better 
soils, respectively. 

In comparison, hot-wet conditions showed maize grain yield increases for the 
APSIM model and minimal reductions for DSSAT across all soil types, and under 
RAPs SDP and REG. Hot-dry conditions showed grain yield reductions with more 
pronounced reductions under RAP REG than RAP SDP across all soil types. Average 
future yields were higher on better soils than those on poor soils. However, yield 
reductions were higher on better soils. For example, under RAP REG and hot-dry 
conditions for the APSIM model grain yields were 2333 kg/ha and 3161 kg/ha for 
poor and better soils, while for DSSAT yields were 3553kg/ha and 4869 kg/ha, 
respectively. This shows that in the future soil fertility management will play an 
important role as a buffer for climate change impacts on maize grain production. 

For groundnuts, the APSIM model simulated grain yield increases across all 
soil types for hot-wet conditions under both RAP SDP and RAP REG. For hot-dry 
conditions yield reductions were higher under RAP REG than RAP SDP. Yield 
reductions under RAP REG for hot-dry conditions were 17%, 19%, and 22%, for 
poor, average, and better soils, respectively, while under RAP SDP, for hot-dry 
conditions they were 10%, 9%, and 8%, for the different soil types, respectively. 

DSSAT also simulated groundnut grain increases across all soil types for both 
hot-wet and hot-dry conditions under RAP SDP. For RAP REG the model simulated 
yield increases for hot-wet conditions and yield reductions for hot-dry conditions, 
across all soil types. Increases under hot-wet conditions were higher for RAP REG 
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(30%, 29%, and 29%) than RAP SDP (28%, 25%, and 21%) for poor, average, 
and better soil types, respectively. Yield reductions simulated under RAP REG 
and hot-dry conditions were 7%, 9%, and 11%, for poor, average, and better soils, 
respectively. 

Groundnut yields are projected to increase in future climates; this is mainly due 
to positive responses to increased CO, level. However increased temperature under 
hot-dry conditions can negate these benefits causing yield reductions. 


Livestock 


The livestock impact of climate change was assessed on the ability to produce feed 
for cattle. Because of the relatively high concentrate input in the future systems, live- 
stock productivity was not very sensitive to the changes that were brought in through 
the crop adaptation component of the system. We considered changes in cropland 
allocation and improved fodder production from crop residues, more biomass, and 
greater share of high-quality legume biomass. We also considered negative effects 
of higher temperature and CO, levels on rangelands, hence higher supplementary 
feeding of commercial feeds. 

Under the Sustainable Development RAP, every farmer would have taken up 
cattle production, keeping at least five cattle and investing in feed. Climate change 
is expected to lead to a change in milk production ranging between 5% increase 
and 13% decrease, whereas offtake varied between +2% and —3%, depending 
on the climate scenario (Fig. 19). Under the Rapid Economic Growth RAP, the 
extremely poor were not able to take up cattle production. For those with cattle 
(the poor and non-poor), the future system was more vulnerable to climate change 
than under the SDP, as milk and offtake decreased from 0% to 22% and from 0% 
to 8% of the production in the baseline climate (Fig. 20). Farms with larger herds 
were consistently more vulnerable than farms with smaller herds, because of their 
generally larger stocking densities and therefore larger dry season feed gaps. 

In summary, with less feed available, livestock production was compromised 
by climate change in future agricultural systems. Use of commercial stock-feed 
buffered some of the negative effects. Livestock production was less negatively 
affected under RAP SDP. 


Economics 


Under future conditions, vulnerability to climate change was projected to be lower 
than under current conditions. Following the Sustainable Development RAP SDP, 
fewer farms were vulnerable to climate change, between 22% and 62%, under wet 
and dry climate scenarios respectively (Fig. 21). For both RAPs, hot-dry scenarios 
were associated with higher vulnerability, whereas under hot-wet scenarios greater 
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Fig. 19. Boxplots of average relative change in milk (a), offtake (b), and mortality (c) of future 
climate scenarios in RCP 4.5 compared to the baseline climate under the Sustainable Development 
RAP. Panels refer to three strata (1 = extremely poor; 2 = poor; 3 = non-poor). Results are shown 
for APSIM data for on-farm fodder production. 


water availability compensated for the negative effects of higher temperature and 
reduced vulnerability. Vulnerability was higher with APSIM than with the DSSAT 
projections, due to the greater importance of legumes in RAP SDP and the pos- 
itive response of legumes to CO, with DSSAT. In RAP REG, maize was more 
predominant and especially at higher fertilizer rates APSIM showed higher grain 
yield response and hence greater vulnerability to climate change. Livestock was 
less sensitive to changes in feed inputs, also as farmers would increase supplemen- 
tary feeding with concentrates. Farm types responded differently to climate change 
because of the different importance of farm activities. 


e Extremely poor: The poorest were less vulnerable under RAP SDP, espe- 
cially with the DSSAT projections, due to the relative importance of groundnuts 
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Fig. 20. Boxplots of average relative change in milk (a), offtake (b), and mortality (c) of future 
climate scenarios in RCP 8.5 compared to the baseline climate under the Rapid Economic Growth 
RAP. Panels refer to three strata (1 = extremely poor; 2 = poor; 3 = non-poor). Results are shown 
for APSIM data for on-farm fodder production. 


(20%-30% of farm net returns from groundnuts, with 26% to 33% increased 
farm net returns under climate change, Fig. 22). Vulnerability was lower under 
RAP REG, as those farms with more off-farm income depend less on agriculture. 

e Poor: These farmers were more vulnerable to climate change for most scenar- 
ios under both RAPs, due to the combined effect of cereals and cattle, and less 
compensation by groundnuts. For instance, under RAP REG and the APSIM sim- 
ulations, farms with 20%, 6%, 13%, and 16% of farm net returns from maize, 
sales, milk, and input services, respectively, had projected decreased net returns 
of 7%, 10%, 16%, and 4%, respectively. 

e Non-poor: Vulnerability of these farmers was highest, more so under RAP REG 
than RAP SDP, due to overdominance of feed gaps, with strong effects on reduced 
net returns from milk production. For instance, under RAP REG and the APSIM 
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Fig.21. Vulnerability under future climate scenarios, RCP 4.5 associated with RAP SDP (sustainable 
development), and RCP 8.5 with RAP REG (rapid economic growth), for hot-dry and hot-wet climate 
scenarios, with high and low price assumptions for the APSIM and DSSAT crop models. Panels refer 
to three strata (1 = extremely poor; 2 = poor; 3 = non-poor). 
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simulations, farms with 13%, 15%, 14%, and 10% of farm net returns from maize, 
sales, milk, and input services respectively, had projected decreased net returns 
by 3%, 6%, 12%, and 11%, respectively. 


In those futures with improved agricultural production systems, farm net returns 
were much higher than today (US$747), higher under RAP SDP than RAP REG, and 
higher with higher price levels (US$2158 as compared to US$1566, for RAP SDP 
with DSSAT; US$1474 as compared to US$1189 for RAP REG at higher and lower 
price levels with DSSAT). Climate change impacts on-farm net revenues and poverty 
rates were limited under both pathways. For dry scenarios, the effects on net returns 
were more negative under RAP REG (—4% to —11%) than under RAP SDP (—4% 
to 5%), confirming higher profitability under the SDPs (Figs. 23). For wet scenarios, 
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Fig. 22. Changes in net revenues through climate change, RCP 4.5 associated with RAP SDP (sus- 
tainable development), and RCP 8.5 with RAP REG (rapid economic growth), for hot-dry and hot-wet 
climate scenarios, with high and low price assumptions for the APSIM and DSSAT crop models. Panels 
refer to three strata (1 = extremely poor; 2 = poor; 3 = non-poor). 


net revenues increased similarly under wet scenarios for both RAPs, between 4% 
and 18%. 

Poverty rates were much lower than today (85% people below poverty line) 
for RAP SDP (38% with high price assumptions and 47% with low price assump- 
tions) and RAP REG (52% with high price assumptions and 57% with low price 
assumptions, Fig. 24). Climate change increased poverty by about 6% under hot-dry 
scenarios and reduced poverty rates by up to 12% under hot-wet scenarios, similarly 
for the two pathways. 


e Extremely poor: Between 56% and 69% and between 66% and 72% of the 
population was below poverty line, under RAP SDP and RAP REG, respectively 
(Fig. 23). Poverty of these farmers did not change significantly; under RAP SDP 
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Fig. 23. Changes in poverty, RCP 4.5 associated with the Sustainable Development RAP and RCP 
8.5 with the Rapid Economic Growth RAP, for hot-dry and hot-wet climate scenarios, high and low 
price assumptions for the APSIM and DSSAT crop models. Panels refer to three strata (1 = extremely 
poor; 2 = poor; 3 = non-poor). 


this was balanced by the effects on groundnuts; under RAP REG, due to more 
off-farm income. 

e Poor: Fewer people were below the poverty line, between 25% and 33% and 
between 25% and 33% of the population, in RAPs SDP and REG, respectively. 
Climate change effects were below 10%, more negative under RAP REG than 
under RAP SDP, due to the stronger effects on cereals and cattle production. 

e Non-poor: Among those with large cattle herds, still between 14% and 21% 
and between 15% and 24% (under RAP SDP and RAP REG, respectively) lived 
below the poverty line. Under hot-dry scenarios and high price assumptions up to 
35% and 18% of these farmers, RAP REG and RAP SDP respectively, fell into 
poverty. Climate change affected the less poor more, and more under RAP REG 
than RAP SDP. 
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Fig. 24. Percentage of households adopting climate change adaptation, with RCP 4.5 associated with 
the Sustainable Development RAP, and RCP 8.5 with the Rapid Economic Growth RAP, for hot-dry 
and hot-wet climate scenarios, and high and low price assumptions for the APSIM and DSSAT crop 
models. Panels refer to three strata (1 = extremely poor; 2 = poor; 3 = non-poor). 


Impacts of climate under 2050 conditions were less negative on agricultural 
systems if the Sustainable Development RAP is followed, compared to following 
the Rapid Economic Growth RAP. Where productivity was currently very low, 
investment in sustainability pathways, i.e., changing from cereal-dominated farm- 
ing systems to more diversified and better integrated crop livestock systems, and 
institutional and market development improved the contribution of agriculture to 
reducing poverty levels and vulnerability to climate change. Addressing feed gaps 
remained a critical issue for future farming systems. 


Core Question 4: What are the benefits of climate change adaptations? 


Finally, we assessed how an adaptation package, i.e., switching crop varieties to 
heat-tolerant cereals and drought-tolerant legumes, would benefit farmers under 
higher temperature, and CO, levels and more variable rain, under the Sustainable 
Development RAP and the Rapid Economic Growth RAP. 
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Crops 


For maize, the introduction of heat-tolerant varieties to retain a longer crop life cycle 
reduced the negative effects of climate change (Fig. 25). The positive effects were 
stronger under RAP SDP with more stable production due to organic soil fertility 
improvement than under RAP REG with higher rates of inorganic soil fertilizers. 
They were stronger for DSSAT than APSIM, due to more positive interactions among 
temperature, water, and nitrogen. The positive effects were larger on better soils than 
on poor soils. Similar trends were observed for groundnuts, where drought-tolerant 
varieties reduced the negative effects of climate change and increased yields to above 
base yields. Positive effects were greater under RAP SDP than under RAP REG, and 
with DSSAT greater than with APSIM due to larger responses to CO, and available 
water. 


Livestock 


Because of the relatively high concentrate input in the future systems, livestock 
productivity was not very sensitive to the changes brought about by the crop adap- 
tation packages. Only slight improvements were found in the livestock productivity 
(Fig. 25). 
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Fig. 25. Effects of climate change and adaptation on maize and groundnuts by the APSIM and 
DSSAT crop models on poor, average, and better soil types for RAP SDP and RAP REG and hot-dry 
and hot-wet climate scenarios. 
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Economics 


Introducing more drought-tolerant varieties as an adaptation to climate change would 
overall make a small difference. Differences in adoption rates between climate sce- 
narios and RAP SDP and RAP REG were not pronounced (Figs. 14 and 22). The 
DSSAT projected stronger responses to variety improvement with improved soil 
fertility management and also a stronger response by groundnuts. Poverty rates 
were lower and impacts of climate change adaptation stronger under RAP SDP than 
RAP REG (Figs. 25 and 26). Under RAP SDP, the extremely poor, being less affected 
by climate change, would more often adopt the improved varieties, and changes in 
net returns and poverty rates would be higher. Here, price effects for groundnuts 
would further support the income effects of the adaptation option for the extremely 
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Fig. 26. Changes in poverty rates (%), with RCP 4.5 associated with the Sustainable Development 
RAP, and RCP 8.5 with the Rapid Economic Growth RAP, for hot-dry and hot-wet climate scenarios, 
with high and low price assumptions for the APSIM and DSSAT crop models. Panels refer to three 
strata (1 = extremely poor; 2 = poor; 3 = non-poor). 
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Fig. 27. Changes in net revenues (%) with RCP 4.5 associated with the Sustainable Development 
RAP, and RCP 8.5 with the Rapid Economic Growth RAP, for hot-dry and hot-wet climate scenarios, 
and high and low price assumptions for the APSIM and DSSAT crop models. Panels refer to three 
strata (1 = extremely poor; 2 = poor; 3 = non-poor). 


poor; the importance of groundnuts in overall farm net returns increased by 5% to 
10% (Fig. 27). 

In summary, the Sustainable Development RAP would thus be economically 
advantageous compared to the Rapid Economic Growth RAP, with a greater 
response to climate change adaptation and more equitable benefits, especially for 
the extremely poor. 


Conclusions and Next Steps 


Research results 


The multi-model framework proposed in this study provides an explorative analysis 
of potential impacts of climate change on smallholder agricultural activities in Nkayi 
district, representing typical farming conditions in semi-arid Zimbabwe. 
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Sensitivity to climate change, current conditions. In areas like Nkayi district, 
where productivity is currently very low (maize yield <500 kg/ha), the impacts 
of climate change were found to be generally small, though it varied by farm 
activity (i.e., crop type and/or livestock). The impact to farmers depended on the 
extent to which their activities were already diversified. 


. Impact of improved management, current conditions. Under conditions of 


extremely low productivity, there was high potential for integrated interven- 
tions (i.e., technologies, institutions, and policies) to increase farm net returns. 
Increasing the importance of more profitable crops, e.g., groundnuts, had major 
contributions to increased farm net returns, without compromising food self- 
sufficiency. 


. Impact of climate change, future conditions. By 2050 the conditions for farm- 


ing would have improved under both RAP SDP and RAP REG, due to greater 
investments in technologies, improved institutions, and dedicated policies, even 
under higher temperatures and CO, levels. This would enable farmers to imple- 
ment improved farm management, diversified and intensified crop and livestock 
production, and set more of their land in value. Even though climate change 
impacts were higher with higher yield levels, farmers would be better off as 
compared to today and climate change impacts on overall farm net returns would 
be reduced. Climate effects would be influenced by the relative importance and 
sensitivity of the various farm sub-activities and price changes. 


. Impact of climate change adaptation, future conditions. Under those future 


conditions where agricultural production systems would have intensified and 
expanded on more profitable farming activities as compared to today, adaptation 
to climate change was less significant. The main issue was that increasing temper- 
atures (high evaporation hence less water available for crops) caused reduction 
of cereal crops due to accelerated growth with no time for biomass accumulation. 
For grain legumes, such as groundnuts, increased CO, levels to a large extend 
negated the negative effects of increased temperatures. Improvements in crop 
drought tolerance can thus reduce the effects of climate change, it would also be 
important for improving both quality and quantity of livestock feed and also soil 
fertility if used as mulch. 


Co-designing with stakeholders’ options for improved management under 


current conditions, agricultural pathways and adaptation strategies under future 
conditions presented an opportunity to explore and improve the rampant levels 


of 


vulnerability and poverty. Beyond technical interventions, the scenario pro- 


cesses highlighted institutional and policy frameworks required to facilitate uptake 
of technical interventions. Already there is strong motivation by stakeholders and 
policy makers to design strategies for improved management and climate change 
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adaptation. There is great urgency to provide decision makers with adequate infor- 
mation on investment potential and opportunities, as demonstrated in this study, 
which are presented in a clear way to enhance decision-making and policy formu- 
lation, and hence for easy uptake by farmers. 

Using simulation modeling-based approaches can inform the sequencing of 
investments in technologies, institutions, and policies in a manner that is embedded 
in local context. The crop simulations highlight the importance of soils in deter- 
mining outputs of crop—climate interactions, which can buffer or aggravate climate 
impacts. A multi-model approach to crop simulations, however, is critical, as APSIM 
and DSSAT respond differently to climate impact, soil carbon, temperature, and 
water. Using crop model tools can thus help to better understand the disaggregated 
biophysical effects on crop production in light of climate change. Soils with higher 
organic carbon and water-holding capacity will be even more important for agricul- 
tural production under future climates. 

Livestock simulations shed a new light on the impact of climate change on 
rangelands, affecting livestock productivity of those with large herds most. This 
suggests that improving the feed base, through feed production or use of stockfeed, 
will be critical for facing a future with climate change, when livestock populations 
are likely to increase on less available land. 

Through economic modeling we were able to bring the effects of climate change 
on the various farm types together and demonstrate the overall impacts on poverty. 
Where productivity is currently extremely low, e.g., in Nkayi district, investments 
in sustainability pathways can reduce vulnerability and halve poverty by 2050. 
There was a greater impact of adaptation under the Sustainable Development RAP, 
especially for the extremely poor. 


Key messages for decision makers 


The study results generated key messages to inform decision processes, across local 
to national scales. 


e While there is great urgency to enhance agricultural production, there are technical 
actions in the present that can be undertaken to the benefit of farmers, including 
the poorest. Lifting the farmers out of poverty does not necessarily require new 
technology, but does require improvement and reconfiguration of what is already 
there. Improving access to currently available technologies is one of the chal- 
lenges. Even though high-yielding crop varieties are available, farmers fail to 
access them and hence normally use recycled seeds. 


o There is potential for disrupting the thinking that in semi-arid areas with large 
yield gaps for crops and livestock, and as much as 85% of the population live 
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below the poverty line, especially those without livestock are stuck in poverty. 
Returns on investments were high for crop and livestock management improve- 
ment at the lowest economic end and in currently neglected but potentially 
highly profitable crops, such as groundnuts. Meaningful impacts on food secu- 
rity and income can be achieved if such packages were availed at large scale, 
for the extremely poor and non-poor farms, underscoring the high priority for 
creating conducive conditions for such investments to take-off. 

o Dual-purpose groundnuts and fodder legumes were identified as technolo- 
gies for balancing the negative impacts of climate change. The contribution 
of legumes to farm net returns changed from insignificant to major, as more 
farmers would grow legumes and the production per farm would also increase. 
There is, however, need to find ways of motivating farmers to convert some of 
the land from maize to the more climate-resilient uses like dual-purpose ground- 
nuts or forage legumes, and improve the remaining more heat-tolerant maize 
to such an extent that it provides higher grain and forage biomass. Legume and 
livestock market development can provide such incentives and are hence are 
necessary to ignite farmers response for improved crop management. 

o Interventions that aim at increasing cattle offtake for sale and commercializing 
cattle production in Nkayi must replace the draft power function, e.g., through 
mechanization. Mechanized crop cultivation practices thereby offer climate- 
smart solutions to these systems. This could potentially motivate farmers to 
keep fewer, but therefore better fed and more productive animals (from a milk 
and meat point of view). As cattle sales are highly sensitive to climate effects, 
market-oriented development must go along with strategies for climate-resilient 
livestock production, adapted heat-tolerant breeds, and development of the feed 
base. 


e Results show that what is driving the system with improved crop and feed manage- 
ment is clearly increased yields through greater availability of nitrogen, making 
it possible to convert land to more productive and profitable uses. Improved soil 
fertility management would therefore benefit the poorest most, often with N- 
depleted soils, and through improved feed and manure biomass also benefit those 
with cattle. 

e The question remains, if N supply combined with land conversion from maize 
to groundnuts leads directly to production and welfare effects, what limits its 
application? Most likely this is a question of institutional failure, non-functional 
output markets combined with unavailability and unaffordability of inputs, thus 
poor returns on invested inputs. These institutional barriers demotivate farmers 
from intensifying land use. 

e New highlights were on the potential of food and feed legumes, for a long time 
neglected in support programs, as more climate-resilient and profitable crops, as 
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opportunity especially for the extremely poor. Light was also shed on the critical 
need to address feed gaps for those with more cattle. Market links to affordable 
local feed and commercial stock feed will be critical, if the region is to profit from 
its comparative advantage in livestock production. 


Contribution of stakeholder engagement to research 


Stakeholder engagement was a critical component of this research. The benefits 
and impacts of guiding research, building research capacity, and networks through 
knowledge sharing, are often not visible at the end of a project, yet contribute to the 
relevance of its key messages. The engagement added value to RIA, as the research 
was designed and used to extrapolate the results from site-specific assessments as in 
Nkayi district to influence processes in areas with similar conditions and support the 
urgency for transforming agriculture nation-wide. Specific stakeholder contributions 
to the research process included the following: 


e Refinement of research protocols: Stakeholder engagement supported knowl- 
edge and experience sharing, which was helpful to unpack the complexity of 
technical, institutional, and policy issues from local to national levels. Stake- 
holder priorities brought the analyses of possible changes to farm management 
under current conditions to the research agenda. Verification of research results 
with stakeholders helped to re-design transformative changes, options, and param- 
eters, for future agricultural systems, within the boundaries of what would be 
possible and how it might influence other systems components, beyond farms to 
the society and environment. 

e Strategic ways for research informing national dialogues: The engagements 
helped disentangle the policy formulation process to an extent that researchers 
are now able to understand alternative ways for influencing decision processes. 
Local stakeholders were consulted at the onset of the research to consider the 
acute needs for evidence and the way in which it should be presented. Working 
with stakeholders and decision makers throughout the research-led dialogue was 
an important strategy for feedback and adjustment. It created researcher confi- 
dence in distilling powerful key messages that can be used to inform decision 
processes. 

e Stakeholder engagement is not a one-off activity: Multiple projects are nurtured 
through the stakeholder relationships developed in this research project, as this 
project will influence future interactions. Building trustful relations enhanced effi- 
ciency in the way research was conducted and supported dissemination of research 
results. How researchers handled relations in and between projects, influencing 
sharing of information and building of new collaborations, is beyond the scope 
of this project. 
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e The benefits from stakeholder engagement were visible and acknowledged: 
Nurturing opportunities for stakeholder contribution supported buy-in, ownership 
and continuity from local to national levels, e.g., in jointly designed research pro- 
cesses, adaptation options verified with communities, and how workshops were 
conducted, interpretation and publication of research results, and dissemination 
of outputs. 

e Appreciation for interdisciplinary research teams: For effective research and 
outcomes, research teams were necessarily interdisciplinary, and with representa- 
tion of national research organizations. Each research team member was proficient 
in the research objectives and contents, across disciplines, to be able to guide mul- 
tidisciplinary dialogue with stakeholders. It was emphasized that researchers must 
have listening, documentation and facilitation skills to capture the richness of the 
stakeholder dialogues. 


Contributions of stakeholder engagement to development outcomes 


The project built increased confidence in the use of research results for interdis- 
ciplinary collaboration. The engagement process created the understanding that 
stakeholders own the RAPs, as well as the improved management and adaptation 
packages. Inconsistencies, opportunities, and challenges were identified — beyond 
individual disciplines and affiliations —across local (district) provincial and national 
levels. The dialogue broke narratives of conventional development thinking leading 
to new discussions of how farmers could reconfigure their agricultural production 
systems and how they could benefit, if conditions of farming were more conducive 
and input and output markets for crops and livestock transactions better integrated. 

The project also created an informed cross-scale dialogue. The RAP method- 
ology provided a structured approach for assessing possible futures of farming in 
Zimbabwe. The AgMIP global science network provided credibility in the approach, 
which was seen to be very relevant for countries like Zimbabwe, where institu- 
tional and policy barriers restrict the full potential of agriculture and climate change 
adaptation. 

Establishing solid research results and context understanding at the local level 
and then taking that to national levels was seen as the right direction, as it pro- 
vided facts, clear adaptation options, and legitimacy to policy makers who often 
make decisions without credible research and scientific testing. The engagement of 
key stakeholders enabled the study to be a new type of operational research that 
enables co-generation of knowledge and quick uptake of research results by the 
various stakeholders and/or study users who include government program directors, 
scientists, extension workers, and farmers alike. 

Stakeholders themselves, by understanding the process, and being involved in 
setting up the parameters, enabled real-time adjustments of the research process and 
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gained confidence in the research results. This helped them to set new priorities 
for agriculture, i.e., changes in the cropping system with a greater proportion of 
small grains and legumes, fertilizer application, and fodder production. There is 
now greater confidence to promote the technology packages and synergies in the 
context of semi-arid Zimbabwe. 

A new perspective was created, that research on influencing cross-scale deci- 
sion processes is important. Cross-scale dialogue is powerful for raising awareness 
on gaps, opportunities, and challenges. Stakeholders responded by recommending 
AgMIP research to influence the relation between research, policy, and communi- 
cations. The research approach should be further designed to enhance the country’s 
capacity to generate relevant products and services inclusive of climate-informed 
scenarios to guide other applications. Engaging national research organizations and 
ministries in scenario generation and multi-model simulations would be transforma- 
tive, also in accessing and using scenarios for strategic exercises (e.g., vulnerability 
assessments, adaptation costing, policy-making, adaptation in NDC revisions, the 
NAP, GCF feasibility study/project development, academic studies, and UNFCCC 
National Communications). 


Next steps 


Establishment of models and simulations is not an end in itself but serves the 
purpose of informing decisions about improving adaptation to climate change. 
Since Zimbabwe and Botswana face greater challenges and uncertainties in the 
future, it is important to use these approaches and tools for evolving stakeholder 
decision-making towards sustainable futures. Efforts are in place to build upon 
the AgMIP network for upscaling climate change vulnerability assessments, local- 
level risk profiling, adaptation planning, and learning processes, informed by solid 
research through individual efforts and grant application. Priorities will include the 
following: 


e Provide feedback from AgMIP-CLIP research, scenarios, and impacts assess- 
ments to inform national to local priorities for policy, research, and development. 
These currently are often development-based, without understanding possible 
context-specific climate challenges in the future. 

e Continue to develop the virtual platform, Impacts Explorer (http://agmip-ie. 
alterra.wur.nl/zimbabwe_nkayi), as a public good to share the knowledge outputs 
of this and related projects, as well as future projects with a similar research focus, 
with actors and users, researchers, and decision and policy makers to provide 
opportunities for complementary contents and to inform upscaling. 

e Expand multiscale approach, strategically providing national departments and net- 
works with context-specific information on vulnerability and adaptation impacts 
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for specific agricultural production systems, to inform context-specific adaptation 
options and processes. 

e Promote participatory scenarios and development processes to strengthen the 
interface between high-impact interventions on the ground and guiding decision 
makers on supporting uptake, integration, and synergies. 

e Build capacity of national researchers and government staff in accessing and 
using climate and other scenarios and simulations, broadening the use of these 
approaches, and learning capacity through implementation and verification. 

e Further explore climate change adaptation options as important alternatives to cur- 
rent advisory services co-designed with local stakeholders and farmers, matching 
expertise and projections with context-specific knowledge, e.g., for prioritizing 
crop improvement with a better understanding about future conditions. 

e More strategic and direct involvement of policy advisories in research proposals 
and processes, setting the agenda and shortening feedback time; thus, further elab- 
orating how research can be used more effectively to influence policy processes. 

e Promote principles of doing research to strengthen decision and implementation 
processes (both technical and political) along desired trajectories. These include 
the following: 


o Credibility, by drawing on a global science initiative for the co-design of sce- 
narios following systematic approaches and protocols. 

o Legitimacy through multidisciplinary co-design processes, scenarios, and adap- 
tation options as outcomes from farmer-to-policy maker cross-scale dialogue. 

o Confidence and facilitated research uptake as research outcomes build on the 
integration of scientific and local expertise. 

o Ownership where stakeholders themselves define priorities and options and 
researchers welcome their incorporation. 

o Out-of-the-box testing for transformative interventions and trade-offs, so as to 
integrate options for diverse agricultural production systems. 

o Broader look at food systems, beyond agricultural production to include social 
issues, notably gender and nutrition. 

o Bridge to communication science so that stakeholders are integrated not only as 
passive receivers of information, but as active participants involved in analyses 
and implementation. 
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Appendix 1. Nkayi analysis: 5 GCMs for RCP4.5 and RCP8.5. 


GCM ID GCM name RCP Time period 
Ç BNU-ESM 4.5 2030-2070 
Y HadGEM2-AO 45 2030-2070 
M IPSL-CM5A-LR 4.5 2030-2070 
F CESM1-BGC 4.5 2030-2070 
N IPSL-CM5A-MR 4.5 2030-2070 
Z IPSL-CM5B-LR 8.5 2030-2070 
Q MPI-ESM-LR 8.5 2030-2070 
A ACCESS1-0 8.5 2030-2070 
F CESM1-BGC 8.5 2030-2070 
D CanESM2 8.5 2030-2070 
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Introduction 


Climate change has adverse effects on food security all over the world, especially 
in developing countries where increasing population is confronting food insecu- 
rity and malnutrition (Brown and Funk, 2008; Lobell et al., 2008). The challenge 
is compounded by the need to adapt to the changing climate to minimize the 
potential impacts on agriculture production. The Agricultural Model Intercompari- 
son and Improvement Project (AgMIP) aims to improve the world’s food security 
issues under changing climate conditions and enhance the adaptive capacity in both 
developing and developed countries (Rosenzweig et al., 2013). 
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Over-irrigation has resulted in waterlogging and salinity in the areas of Southern 
Punjab. Cotton is the main cash crop of Pakistan and is cultivated in Southern Punjab 
and in some parts of Sindh. It requires high temperature during its growing season 
and cooler conditions at the time of harvesting. Extreme weather events like heat 
waves badly affect its yield and have resulted in severe economic crises. 


Regional agriculture and climate change challenges 


Pakistan is the second largest country by area in South Asia and 36th in the world. The 
total geographical area of Pakistan is 79.6 million hectares (mha) with 22 mha used 
for production of crops. The farmers generally have small land holdings: 86% of the 
farms have less than 5 ha and only 5% of the farms have land holdings greater than 
10 ha (Government of Pakistan, 2017). Pakistan has two major cropping seasons: 
rabi (winter season) and kharif (summer season). These two seasons make Pakistan 
an agricultural economy. The rabi crops are grown in the months of November to 
April and kharif are grown from May to October. Wheat is the major rabi season 
crop, while cotton is grown in the kharif season in southern parts of Punjab (Ahmad 
et al., 2015). 

The most important crops grown in Pakistan are wheat, rice, maize, cotton, 
and sugarcane, which contribute 29% in value addition in agriculture and 6% to 
GDP (Hussain et al., 2016). Pakistan has three main cropping systems: rice—wheat, 
cotton—wheat, and mixed wheat. These systems are present in the semi-arid area 
in the central part of country and arid areas in the southern part of country. Cotton 
and wheat are the major crops, which fulfil the food and fibre requirements of the 
population (Usman, 2012; Rahman et al., 2018). These crops are grown on an area 
of 11.60 mha in Pakistan and 8.83 mha in Punjab (Government of Pakistan, 2017). 

Pakistan has diverse climatic conditions due to its arid and semi-arid ecosystems. 
The northern part of the country reaches the Himalayas, while the southwest and 
coastal regions are lowland plains of the Indus River (Sarfaraz et al., 2014). The 
coolest average annual temperature goes below 0°C in the north and reaches as high 
as 35°C in the southeast. Most of the country receives little rainfall (240-360 mm 
per year), while the highest rainfall (2400 mm per year) is received in northern areas 
(McSweeney et al., 2012). 

Pakistan is at high risk to present and future extreme climate events due to its 
geographical location, rapidly increasing population, prevailing poverty, and depen- 
dence on agriculture and natural resources (Farooqi et al., 2005). According to the 
Global Climate Index (CRD, Pakistan ranks seventh among countries affected by 
climate change. The CRI was based on the average weighted ranking score of the 
last two decades (Eckstein et al., 2017). Pakistan is at risk to several natural disasters 
that are associated with changing climate. It is vulnerable to a rise in sea level, more 
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frequent and heavier floods, glacier melting, higher temperatures, and increasing 
frequency of drought, each of which affect the current and future decision-making 
and can have devastating impacts on agriculture and threaten water, energy, and food 
security (Farooqi et al., 2005). 

In July 2010, floods resulting from heavy monsoon rains affected 20 million 
people and caused ~3000 deaths. The flood in 2012 also affected the Pakistan econ- 
omy and damaged critical infrastructure and thousands of hectares of agriculture 
crops (Blunden and Arndt, 2012). Droughts in 1998 and 2002 were the worst in 
the country’s history, which inevitably affected economic growth (Sheikh, 2001). 
Severe heat waves in June 2015 (with temperature reaching 49°C in Southern Pun- 
jab) caused the deaths of more than 2000 people from dehydration and heat shock, 
and also the mortality of numerous livestock (Masood et al., 2015). 

Increase in maximum and minimum temperature in the winter season will shorten 
the winter and lengthen the summer season in Pakistan. Late onset and early ending 
of winter will reduce the length of crop growing seasons so that crops complete 
their biological cycle quickly, causing reduction in economic yield (Ghani Akbar 
et al., 2007; Ahmed et al., 2019). Early ending of winter means that temperatures 
will start to rise in February when wheat is at the grain formation stage. A sudden 
rise in mid-March temperature reduces the size of grain due to shorter grain-filling 
duration and less accumulation of starch content that leads to reduced yield (Rasul 
et al., 2012; Ahmad et al., 2018). Maize yield would be reduced by 43% due to a 
rise in temperature of 4.4°C in Pakistan (Ahmed et al., 2018), while pearl millet 
yield will decline by 10% due to an increase in temperature of 3.7°C (Ullah et al., 
2019). 

Climate change effects are already visible in Pakistan and there is a dire need 
to quantify potential impacts and develop adaptation strategies that reduce negative 
consequences. The current study (AgMIP, 2013) examines the impact of climate 
change in the cotton—wheat cropping system of Punjab, Pakistan: the study at the 
farm level uses a regional integrated assessment (RIA) methodology developed by 
AgMIP linking climate, crop, and economic modeling techniques (Antle et al., 
2015). The principal goal of AgMIP RIA is to provide scientific information to 
stakeholders that could be helpful in decision-making. Working with stakehold- 
ers, the AgMIP RIA defines four core questions for assessing climate impacts and 
development of adaptation strategies. 

Core Question 1 defines the sensitivity of the current agricultural production 
system to climate change, assuming that the system will not change from its current 
state. Core Question 2 assesses the effect of adaptation on the current state of the 
world. Core Question 3 addresses the impact of climate change on the future agri- 
cultural production system; it will be different from the current system due to the 
development of the agriculture sector related to others factors besides the changing 
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climate. Core Question 4 addresses the benefits of climate change adaptation for the 
future production system (Rosenzweig and Hillel, 2015). 

The goals are to quantify the potential impacts of climate change under different 
scenarios of socio-economic and agricultural system development, and then identify 
adaptation measures to improve the livelihood of farmers. Dissemination of results 
to stakeholders, such as farmers, policy makers, academia, and researchers, is also 
important to ensure that the project results contribute to evidence-based decision- 
making in Pakistan and beyond. 


Description of Farming System Investigated 


Cotton—wheat is a long-established crop production system in the northwestern 
plains of the Indian subcontinent, and this rotation occupies a prominent place in 
the agricultural growth of India and Pakistan. Cotton and wheat contribute largely 
to the economic well-being of many people engaged in farming, value chain pro- 
cessing, and the textile industry. The cotton—wheat cropping system is a grain- 
plus-cash enterprise, which contribute to the livelihoods of farmers through cul- 
tivation of cotton as an industrial product and wheat as a constituent of food 
security. Being a cash and grain cropping system, it is extremely remunerative 
with secure returns. The total agricultural area under the cotton—wheat crop- 
ping system in Pakistan is 8.83 mha, which is 37% of the total cropped area of 
Pakistan. 

Wheat is the major rabi (winter season) crop and in kharif (summer season) cot- 
ton is predominant in this system due to favorable climatic conditions in the southern 
parts of Punjab. Cotton is planted during April-June and harvested in October- 
November, while wheat is grown during the winter season (November—April) on 
stored soil moisture with supplemental irrigation. The cotton—wheat belt has its rainy 
season from July to October, when nearly 400-600 mm of rainfall is received. In 
some areas, rain (5% to 10% of the total annual) is also received during the winter 
(November—March). Most cotton in this system is planted during mid-April to mid- 
May using canal irrigation. Cotton is very specific in climatic condition requirements 
for its proper growth and development. Wheat sown in November matures by the 
end of April or the first fortnight of May and the fields are mechanically prepared 
quickly for cotton sowings. 

In the cotton—wheat areas, a major concern is delay of the last harvest of cotton to 
get more economic return; this takes place normally from the beginning of Decem- 
ber to the first week in January, which results in delays in the planting of the wheat 
crop leading to reduced wheat yields. The delay in planting after mid-November 
causes losses in wheat grain yield by 1% per day (Khokhar et al., 2010), because 
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the recommended planting time for wheat in the studied areas is from the first week 
of November to first week of December. The recommended planting time reduces 
the risk of exposure to hot weather in the critical period of flowering and grain for- 
mation. Late planting of cotton also leads to serious threats to productivity due to 
severe insect pest attacks and incidence of cotton leaf curl virus disease. Modifica- 
tion in management practices, such as adjustment of planting time, optimization of 
fertilizers, and efficient methods of fertilizer use on cotton and wheat, could increase 
the yield under changing climate. 


Key Decisions and Stakeholder Interactions 


Stakeholder engagement 


A main objective of the AgMIP RIA was to make “science easier to uptake” by 
stakeholders. The engagement used by the Pakistani team was based on a ““demand- 
driven” approach that helped focus scientific analysis on stakeholder needs. Stake- 
holders were initially prioritized according to the following factors: 


e Importance 
e Power 

e Proximity 
e Urgency 

e Relevance 


The identified stakeholders were policy makers, farmers, researchers, and peer 
groups (influential to society in the decision-making process). Among these, the two 
stakeholders found to be most relevant to the project outcomes were farmers and 
policy makers. Researchers were very helpful in the formulation of the adaptation 
packages and to determine future development projections called representative 
agricultural pathways (RAPs), and refinement of the project findings. Farmers were 
more interested in knowing about the adaptations and policy makers wanted to know 
about future scenarios. The stakeholders helped in interpreting findings and making 
plans for future refinements. Stakeholder engagement followed the demand-driven 
process shown in Fig. 1. 

Stakeholder engagement was an iterative process. Multiple sessions were held 
to build strong relationships and trust. Stakeholder engagement activities were 
helpful in many ways during the research and result refinement process. Policy 
makers and farmers were most interested in the climatic adaptations and scenar- 
ios of future farming systems under which they would benefit. Researchers were 
keenly interested in AgMIP’s multidimensional and multidisciplinary methodolog- 
ical framework (climate, crop, and economic modeling). 
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Identification of relevant stakeholders 
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Assessment of stakeholder needs 
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Getting feedback 


Incorporation of feasible feedback 


Fig. 1. Demand-driven stakeholder engagement process. 


Representative Agricultural Pathways (RAPs) 


RAPs were developed to portray potential future agricultural production systems. 
This included world demand for food and fibre coupled with technological advance- 
ment. The world is undergoing a transformative process in terms of biophysical 
resources, institutions, policies, technological advancements, and socio-economic 
conditions. It has been observed that production has been increasing as a function of 
inputs and technological advancements. Persistent mechanized farming, increasing 
crop intensity, and ecosystem disturbances are also destroying the natural resources 
in agricultural production systems (Valdivia et al., 2015). 

Future agricultural production systems are characterized using RAPs. The RAPs 
were developed through a continuous engagement process with scientists and stake- 
holders, with information inputs available from literature. Changes in key national- 
and regional-level drivers were evaluated and inputs from global models, such as 
population growth and economic growth rate, were also used. Two crop models, 
Decision Support System for Agrotechnology Transfer (DSSAT) and Agricultural 
Production Systems Simulator (APSIM), were used to predict yield changes with 
and without climate change with future management defined in the RAPs. The 
Trade-off Analysis Model for Multi-dimensional Impact Assessment (TOA-MD) 
was used to assess the impacts of socio-economic indicators. 

Two RAPs were designed after conducting several consultative sessions. A Sus- 
tainable Development Pathway (RAP 4) and a Unsustainable Development Pathway 
(RAP 5) were developed (Table 1). Experts of various disciplines such as agricultural 
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Table 1. Trends of variables for sustainable (RAP 4) and unsustainable (RAP 5). 


Variable Sustainable Development Unsustainable Development 
Pathway (RAP 4) Pathway (RAP 5) 

Farm size Moderate decrease ar Large decrease ee 
Household size Moderate increase A Large increase Fa 
Non-agricultural income Small increase A Small increase A 
Herd size Small increase A Large decrease Si 
Input prices Moderate increase Large increase 

n id Fi 
Output prices Moderate increase Ps Large increase ff 


Source: Developed by authors on the basis of expert opinion and existing information in 
literature. 


economics, soil science, pathology, irrigation and water management, plant and ani- 
mal breeding, veterinary science and demography were engaged in the consultation 
process to project biophysical, socioeconomic and policy factors and construct the 
corresponding narratives that describe the pathways to future conditions. The con- 
sultants included researchers, academics, leading farmers, members of local NGOs, 
and government officials involved in policy formulation and implementation. Invita- 
tions to experts included background information about the project, the RAP devel- 
opment event, and the scenarios about which consultation was requested. Four RAPs 
meetings and consultative sessions were held with experts at different time periods. 

Challenges in RAPs development included agreement of experts, especially on 
policy variables. Anticipated future percentage changes with respect to current con- 
ditions are important but, in some cases, difficult to quantify (for example, disease 
outbreaks, impact of farm mechanization, irrigation availability, quality of irrigation 
water). The extent of losses due to diseases and water resource depletion is difficult 
to assess in the era of technological advancements. Pakistan agriculture is still quite 
traditional and great potential exists in terms of mechanization. Conversely, it is 
facing the challenges of climate change and natural resource depletion. 


Adaptation packages 


Agricultural production systems are complex, interlinked, and highly dependent on 
natural ecosystems. Crop production is a climate-dependent sector of the economy. 
Adaptation to the impacts of climate change is very important for developing 
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Table 2. Adaptation packages for climate change in Punjab, Pakistan. 


Biophysical Socio-economic Institutional and Policy 
Adaptations Adaptations Adaptations 
Virtual cultivars (heat- and Construction of water Agricultural 
drought-tolerant storage insurance/finance 
varieties) Participatory management Farm mechanization 
Plant population approach (mechanical picker for 
Improved agricultural Increasing off-farm cotton) 
practices income opportunities Subsidies/taxation 
Efficient irrigation Population control Input/output price policies 
practices measures Trade, off-farm 
Changes in cropping employment 
patterns Efficient input/output 
Soil reclamation projects markets 


economies. There are planned and unplanned adaptations regarding climate vul- 
nerability in agricultural systems that maintain ecosystem balance and minimize 
economic losses. The policies regarding development must have a synergistic 
effect with climate change to enhance the adaptive capacity of the nation. To 
minimize climate losses, farm-level adaptation strategies can be designed with 
support of on the farm level, as well as on the sectoral and national and poli- 
cies. To evaluate the benefits of adaptations, we formulated adaptation packages 
through a continuous engagement process with researchers, farmers, and policy 
makers with the goal of combatting current and future climatic vulnerabilities 
(see Table 2). 

For current and future climatic vulnerabilities, different short-term and long- 
term adaptations were combined in which biophysical, socio-economic, and pol- 
icy parameters were assessed. Current adaptations regarding climatic hazards are 
increasing in cropping intensity, fertigation, efficient irrigation, and imported genetic 
varieties. Important adaptation parameters for the future are genetic improvements, 
drought-resistant and heat-tolerant varieties, deep tillage, soil and water conservation 
practices, construction of water storage, efficient irrigation systems, crop diversifi- 
cation, agricultural insurance, and farm mechanization (i.e., mechanical harvesters 
for cotton). 

The farmers in Punjab are very concerned about climatic impacts and vulner- 
ability and showed interest in adopting the proposed adaptations. However finan- 
cial, technological, and socio-economic factors often hinder the farmers from better 
adapting to climatic variations. The formulated adaptation packages were incorpo- 
rated into the simulations by the crop modelers. The practicality of the proposed 
adaptations was also an issue that was tackled with the farmers’ and field researchers’ 
feedback. 
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Data and Methods of Study 


Climate 


The baseline period consisted of a 1980-2009 historical daily weather record, which 
had a mid-year atmospheric CO, concentration of 360 ppm. Historical climate of the 
study region was analyzed using observed weather data provided by the Pakistan 
Meteorological Department (PMD). We categorized each farm in the economic 
analysis into a smaller number of groups that experience nearly the same climate 
and then created climate series for these groups rather than each individual farm. 
We identified weather stations that best represented selected crop modeling regions 
(Bahawalpur, Bahawalnagar, Multan, and Rahim Yar Khan) and obtained as much of 
the 1980-2010 period as possible (daily precipitation, maximum and minimum tem- 
peratures, solar radiation or sunshine duration, wind speed, dew point temperature, 
vapour pressure, and relative humidity). 

The quality of the observed weather data was checked and datasets were con- 
verted to the AgMIP format as described in the AgMIP protocols (Rosenzweig et al., 
2013; Ahmad etal., 2015). Additional climate series were also obtained for Lodhran 
district from the AgMIP climate forcing dataset based on the NASA Modern-Era 
Retrospective Analysis for Research and Applications (AgMERRA) (Ruane et al., 
2015). AZMERRA corrects to gridded temperature and precipitation, incorporates 
satellite precipitation, and replaces solar radiation with NASA/GEWEX SRB in 
order to fully cover the 1980-2010 period. 

The outputs are a high-quality version of in situ climate observations in AgMIP 
format for each location where crop models are used (Table 3), a file documenting 
the changes made to the original raw observations, and summary maps and statistics 
characterizing the region being analyzed. 


Mean and trends in baseline climate 


The mean baseline climate is shown for the cotton and wheat seasons to identify 
climate patterns of the districts across the region (Table 4). In terms of maximum 


Table 3. Study districts with latitude and longitude. 


No. District Latitude (CN) Longitude (°E) 
1 Bahawalnagar 29.56 73.10 
2 Bahawalpur 29.60 12.25 
3 Lodhran 29.61 71.65 
4 Multan 30.19 71.45 
5 Rahim Yar Khan 28.65 70.68 
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Table 4. Observed maximum temperature, minimum temperature, and precipitation for the 
baseline period (1981-2010). 


Obs. Station Latitude Longitude Cotton Wheat Annual 


Rain(mm) Multan 30.19 71.46 116.40 54.00 210.70 


Bahawalpur 29.34 71.68 102.80 38.20 168.60 
Bahawalnagar 29.99 73.25 157.40 58.40 242.10 
Lodhran 29.53 71.63 100.22 40.06 167.30 
Rahim Yar Khan 28.42 70.29 77.50 26.20 120.70 
Tmax (°C) Multan 30.19 71.46 39.98 26.44 32.61 
Bahawalpur 29.34 71.68 40.22 26.94 32.98 
Bahawalnagar 29.99 73.25 40.21 26.93 32.96 
Lodhran 29.53 71.63 40.5 28.06 33.74 
Rahim Yar Khan 28.42 70.29 40.3 27.41 33.32 
Tmin (°C) Multan 30.19 71.46 27.72 10.82 18.4 
Bahawalpur 29.34 71.68 27.17 11.11 18.3 
Bahawalnagar 29.99 73.25 27.18 11 18.25 
Lodhran 29.53 71.63 27.48 11.63 18.72 
Rahim Yar Khan 28.42 70.29 26.33 10.02 17.3 


temperature, Lodhran and Rahim Yar Khan display the warmest climate with nearly 
a 40°C upper temperature limit in the cotton season, 29°C for the wheat season, and 
33°C on an annual basis. In terms of minimum temperature, Multan and Lodhran 
are warmest with a 27°C lower temperature limit in the cotton season, 12°C in the 
wheat season, and 19°C on an annual basis. In terms of precipitation, the high- 
est is observed in Bahawalnagar with up to 157mm in the cotton season, up to 
58mm in the wheat season, and an annual precipitation of 242mm over the dis- 
trict. Lowest precipitation is observed in Rahim Yar Khan with 78 mm in the cot- 
ton season, 26mm in the wheat season, and 121 mm on an annual basis over the 
district. 

The districts averaged maximum temperature of the baseline is 33.1°C on an 
annual basis, 40.2°C for the cotton season, and 27.2°C for the wheat season. The 
districts averaged minimum temperature of the baseline is 18.2°C on an annual 
basis, 27.2°C for the cotton season, and 10.9°C for the wheat season. Annual rainfall 
averaged over the five districts is 182mm, whereas it is 111 mm for the cotton season 
and 43 mm for the wheat season. 

Long-term linear trends were calculated in the 1980—2009 baseline period for 
solar radiation, maximum temperature, minimum temperature, and precipitation 
over the five focus districts in Southern Punjab region of Pakistan (Fig. 2). Trends 
generally indicate warmer and wetter conditions, although the trend for precipitation 
was not significant. 
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Fig. 2. Historical trends of climatic parameters for the period 1980-2010 over the target sites. 


Temperature—precipitation sensitivity in projected changes for global 
climate models selection 


Global climate model (GCM) projections may be briefly summarized in 
temperature—precipitation change charts for a particular growing season (Ruane 
and McDermid, 2017). The spread in GCM projections is divided into five different 
characteristics (relatively cool/wet, hot/wet, relatively cool/dry, hot/dry, and mid- 
dle) to understand the relative probability of the different classes of outcomes. The 
temperature—precipitation sensitivity charts in the projected changing climate are 
constructed to observe the behaviour of the 29 GCMs. The growing season is taken 
as a complete annual cycle JJASONDJEMA (June—April) to encompass the whole 
growing and harvesting of cotton—wheat cropping system. 

Initially, in the GCM selection process, for each site and for each representative 
concentration pathway (RCP) we selected a different GCM that rendered difficulties 
in comparisons among sites and among RCPs. A close inspection of the scatter plots 
showed some uncertainties related to precipitation in the region. Four GCMs viz., 
bec-csm1-1, CSTRO-Mk3-6-0, MRI-CGCMS3, and IPSL-CM5B-LR, projected more 
than 200% increase in precipitation over the target districts (see Fig. 3 for Multan 
district). We did not include the four GCMs and selected the remaining 25 for the 
analysis. In the end, we selected five representative GCMs for application to all sites 
and seasons. 

In addition to statistically analysing the GCMs (i.e., establishing the selection 
criterion as 0.5 times the standard deviation), we also evaluated the simulation of 
the spatial climatology of the region. For this, we constructed maps of the targeted 
locations and selected GCM projections. The distance between the farms in the 
districts is quite small compared to the scale of the GCM grid boxes; there are 
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Fig. 3. Uncertainty arising from projected change in precipitation (%). 


greater differences due to local climate features in the observations than due to 
projected climate changes (Fig. 4). 

From the analysis, we learned that the GCMs have biases in areas in proximity 
to mountains. The precipitation change maps include patterns of both the GCM pro- 
jections (large squares) and the AgMERRA historical precipitation changes (small 
squares). The precipitation changes are applied on a monthly basis as factorial 
adjustments, meaning that the total annual difference reflects both the size of the 
projected monthly changes and the historical rainfall in each month. We focused on 
the large-scale patterns in GCM selection for the study. 

In general, we looked at sites in Punjab and identified the GCMs that were 
consistently relatively warm/dry, warm/wet, cool/dry, cool/wet, and in the middle 
of the distribution. The GCM grid boxes typically are on the order of 100s of km, and 
neighbouring grid boxes do not often differ greatly unless there is a major elevation 
change. The farthest linear distance between two sites in the study area is 261 km 
(2.46°) and there is a high mountain less than 100 km away from the western sites. 

In the process of selecting the GCMs, we considered each RCP on its own and 
selected GCMs for each, allowing greater consistency within each future RAP/RCP 
combination. By analysing the GCM precipitation maps, we revised our selection 
of the GCMs based on their representation of the monsoon over the Pakistani region 
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Fig. 4. Projected climate changes for the selected GCMs overlaid on study districts. Top row is delta mean temperature and bottom row is percentage 
precipitation change. 
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Fig. 5. Representation of annual climatology of the selected GCMs focusing on emulation of the South Asian Monsoon. Top panel presents precipitation 


(mm/day), while bottom panel presents temperature (°C). 
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Fig. 6. Delta T — delta P scatter plot for RCP 8.5 of the Rahim Yar Khan district for the purpose of 
GCM selection. 


(Fig. 5). The GISS-E2-R GCM that we selected initially for the cool/wet scenario 
did not emulate the monsoon well in the region. So, it was decided to take the next 
most representative cool/wet model (inmcm4) as it was important that the monsoon 
be plausibly simulated. Based on the recurrence of a characteristic GCM in a specific 
quadrant for all five districts each under both RCPs, we selected the GCMs for the 
RIA (Fig. 6 and Table A.1 in the Appendix). 


Climate projections with mean and variability changes 


Climate change projections for the region were generated using output of the five 
selected GCMs from CMIP5 for the mid-century (Taylor et al., 2012) under RCP 4.5 
and RCP 8.5 scenarios (CO, concentration of 571 ppm) (Moss et al., 2010). The 
five GCMs were selected to represent the uncertainty in projected temperature and 
rainfall changes based on five possible relative climate characteristics (cool/wet, 
cool/dry, hot/wet, hot/dry, and middle) (see Fig. 7). 

In the creation of CMIP5 mean and variability change scenarios, we engaged 
AgMIP-R scripts for scenario generation (Hudson and Ruane, 2015). In the process, 
we assumed that solar radiation, winds, and relative humidity daily variables from 
the historical daily climate records are unchanged. We also ensured that vapour 
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Fig.7. Baseline and climate projections of cotton and wheat growing seasons for maximum tempera- 
ture (TMAX) (°C), minimum temperature (TMIN) (°C), and precipitation (rain) (mm/year) averaged 
over all districts. 


pressure, dew point temperatures, and relative humidity were physically consistent 
at time of maximum daily temperatures (this entails raising vapour pressure and 
Tuew as AT). Finally, we produced mean and variability change scenarios for all 
CMIP5 GCMs at the best calibrated site in each region, and then created future 
scenarios at every farm site using the 5-GCM subset to drive crop and livestock 
model simulations (Ahmad et al., 2015) (see Fig. 8). 
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Fig. 8. Annual cycles of baseline and projected regional climate averaged over all districts. 


Projected changes in future climate 


The major projection of climate change in the target region complies with the global 
trend of increases in both maximum and minimum temperatures. However, there 
are highly heterogeneous change patterns observed in the projected precipitation 
regime owing to its high inter-annual variability in the region. 

Temperature changes for the target region are projected to be highest under the 
GCMs with relatively hot/wet and hot/dry characteristics. For the cotton season, the 
highest changes are projected in the relatively hot/wet (hot/dry) climate with 3.6°C 
(3.5°C) increase in maximum temperature and 4.3°C (3.8°C) increase in minimum 
temperature, while in terms of wheat climate, the projected temperature increase is 
highest in the probable hot/dry climate with 3.7° C increase in maximum temperature 
and 3.8°C increase in minimum temperature under RCP 8.5 scenario. The highest 
projected average annual temperature increase is 3.6°C for maximum temperature 
and 3.8°C for minimum temperature under RCP 8.5 scenario. 

The highest changes of the relatively hot/wet climate conditions in the future 
may be attributed to a significant increase in maximum temperature in May, June, 
and July of the cotton sowing season with an average projected increase of 3.9°C 
throughout the season. Projected changes under the relatively hot/dry conditions may 
be attributed to an average 3.8°C increase in May and June of the cotton growing 
season and an average 4.1°C increase in November, December, February, and March 
of the wheat growing season in terms of maximum temperature under the RCP 8.5 
scenario. 

However, in the minimum temperature regime, the highest changes under the 
relatively hot/wet conditions may be attributed to the average increase of 4.5°C 
in May, June, and July of the cotton growing season under the RCP 8.5 scenario. 
Moreover, in the minimum temperature regime, the relatively hot/dry conditions 
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projected with highest changes may be attributed to significant average increases of 
3.9°C in November, December, February, and March of the wheat growing season, 
and of 4.1°C in May and June of the cotton growing season under the RCP 8.5 
projection period. 

The precipitation projections depict high variability in all months of the cot- 
ton and wheat growing seasons over the region. In the projected cotton growing 
season under RCP 4.5, the greatest decreases in precipitation are seen under the 
relatively hot/dry climate with a significant decrease of 101 mm/month (approx. 
404 mm/season absolute decrease) in the seasonal average. Under RCP 8.5, the 
projected decrease in the cotton growing season is again seen under the relatively 
hot/dry conditions with an even more significant 151 mm/month decrease (approx. 
604 mm/season absolute decrease) over the season. 

In the projected wheat growing season, a seasonal average decrease of 
30 mm/month (182 mm/season absolute decrease) under RCP 4.5 and 36 mm/month 
(214mm/season absolute decrease) under RCP 8.5 is seen under the rela- 
tively hot/dry climate conditions in the future. Annual precipitation decreases 
of 45 mm/month (543 mm/year absolute decrease in RCP 4.5) and 46mm/month 
(560 mm/year absolute decrease in RCP 8.5) are also seen in the projected relatively 
hot/dry climate conditions over the region (see Fig. 9). 

Median rainfall changes over the growing season of Southern Punjab in mid- 
century display a weakening of magnitude by up to 10% under RCP 4.5 and strength- 
ening of it by up to 20% under RCP 8.5 scenario. Median of total rainfall changes 
over the growing season of the South Punjab region in mid-century display a slight 
decrease of up to 20mm under RCP 4.5 and increase of up to 50mm under the 
RCP 8.5 scenario. Median temperature changes over the growing season of Southern 
Punjab in mid-century display an increase in magnitude by up to 2°C under RCP 4.5 
and by up to 3°C under RCP 8.5 (Fig. 10). Projected climate changes are much more 
pronounced in RCP 8.5 than in RCP 4.5. 


Median changes in projected climate of target districts 


To rule out blending of climate biases with climate changes, we took the median 
of projected changes presented by the five selected GCMs. The projected changes 
in maximum temperature are seen to affect the Multan district with the highest 
magnitude of up to 2.6°C under RCP 4.5 and up to 2.7°C under RCP 8.5 in the 
cotton growing season. For wheat growing season, Multan, Lodhran, and Rahim 
Yar Khan are affected with the highest magnitudes of 2.6°C under RCP 4.5, while 
under RCP 8.5 the highest changes are seen in Bahawalpur and Bahawalnagar with 
magnitudes of up to 3°C. On an annual basis, the Multan district is seen to project the 
highest changes with up to 2.7°C under RCP 4.5, whereas under RCP 8.5 Bahawalpur 
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Fig. 9. Projected changes in regional climate averaged over all districts. 
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Fig. 10. Map of median annual temperature and precipitation projections for region across all 
GCMs. 


and Bahawalnagar see the highest changes with magnitudes of up to 2.6°C. Changes 
in other variables may be seen in Table A.1 in the Appendix. 


Socio-economic data 


Survey data of cotton, wheat, and livestock were collected from the cotton—wheat 
cropping system of Punjab. Extensive farm surveys of 165 farms across five dis- 
tricts were conducted. The population is heterogeneous in nature; therefore, a strat- 
ified random sampling technique was used. The districts included Bahawalnagar, 
Bahawalpur, Lodhran, Multan, and Rahim Yar Khan. Two villages were selected 
randomly from each district. Each district was defined as a separate stratum, because 
of its own climatology and topography. From each stratum, at least 33 respondents 
(15 farms from each village) were chosen randomly so that the selected sample could 
be a true representation of the farming population. Survey data include crop man- 
agement practices for cotton and wheat (sowing date, fertilizers, irrigation amount, 
and dates and harvest information), non-farm income, and other crops and livestock 
produced. Analysis was made on a per farm basis. The study sites are shown in 
Fig. 11. 
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Fig. 11. Geographical location of the study site in Punjab, Pakistan. 


Regional Integrated Assessment 


Two crop models, DSSAT and APSIM, were calibrated with the optimum sowing 
date for three cultivars of cotton and wheat using two years of experimental data. 
Both models simulate crop phenology, growth, and yield over time (Jones et al., 
2003; Innes et al., 2015). After calibration and evaluation of three cultivars with 
the experimental dataset, both crop models were evaluated at the farm level. Crop 
management data, including sowing date, fertilizer, irrigation, initial conditions, 
soil moisture, and organic amendments were used as inputs to the crop models. 
One average input farm was selected to evaluate the sensitivity of crop models. The 
economic analysis was conducted using the TOA-MD impact assessment model 
(Antle, Sottovogel and Valdivia, 2014). 

The Regional Integrated Assessment (RIA) was carried out using AgMIP IT 
tools (ADA, QuadUI, and ACMOUD) (Rosenzweig and Hillel, 2015). The following 
simulations were carried out to evaluate the impact of climate change on the cotton— 
wheat farming system (Table 5). 


Carbon, temperature, water, and nitrogen analysis 


The sensitivity of DSSAT and APSIM models to variations in climate was tested 
systematically by modifying CO7, temperature, and precipitation values of baseline 
weather data as described in Ruane et al. (2014). The changes were applied to all 
365 days of every year of historical time period. The CO, concentrations tested were 
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Table 5. Climate change analysis for integrated assessment in cotton—wheat cropping 
system of Punjab, Pakistan. 


Crop Model Simulations Identifier Core Questions 
Historical data, current management CM1 Q1 = CM2/CM1 
Current climate, current management CM2 Q2 = CM3/CM1 
Current climate, current management, plus adaptation CM3 Q3 = CM5/CM4 
Current climate, future RAPs CM4 Q4 = CM6/CM5 
Climate change, future RAPs CM5 

Climate change, future RAPs, plus adaptation CM6 


Source: Rosenzweig and Hillel, 2015. 


360, 450, 540, 630, and 720 ppm (at 90 ppm intervals) at 30 and 180 kg N ha~!. The 
observed daily temperatures (minimum and maximum) were modified by —2°C, 
ambient, +2°C, +4°C, +6°C, and +8°C. The daily precipitation was adjusted 
between 25%, 50%, 75%, 100%, 125%, 150%, 175%, and 200% of ambient. Nitro- 
gen fertilization was changed by 0, 30, 60, 90, 120, 150, and 180 kg N ha~! at 30 kg 
intervals. 


Farmer field evaluation 


The crop growth models DSSAT and APSIM were run with observed weather data 
of the cropping year, e.g., 2012-2013, and the results were compared to assess 
the accuracy of models using statistical indices including root mean square error 
(RMSE). There was good agreement between predicted and observed farmer cotton 
field yield, with RMSEs of 748 and 969 kg ha! for DSSAT and APSIM, respec- 
tively (Fig. 12). The RMSEs of wheat for DSSAT and APSIM were 899.29 and 
816.95 kg ha“!, respectively (Fig. 13). 

The main factors driving differences in observed and simulated wheat were 
attributed to the differences in soil profiles (15 were used) and different management 
practices of the various farms. The difference between simulated and observed yields 
was lower for those farmers whose management practices followed the Govt. of 
Pakistan’s recommendations (Government of Pakistan, 2019). Planting time, plant 
population, number of irrigation applications, irrigation at critical stages, fertilizer 
application dates, application at crop critical stages, weed management, and disease 
control were better in the case of progressive farmers’ fields and in those cases the 
crop models simulated almost the same yield as observed. 


Carbon Dioxide, Temperature, Water, and Nitrogen Analysis 


The responses of DSSAT and APSIM were evaluated with changing levels of COz, 
temperatures, rainfall, and fertilizers for the cotton crop. The crop models showed 
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Fig. 12. Exceedance probability of cotton yield on farmer fields for DSSAT and APSIM compared 
to observed. 
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Fig. 13. Exceedance probability of wheat yield on farmer fields for DSSAT and APSIM compared 
to observed. 
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Fig. 14. The DSSAT and APSIM responses to change in (a) CO2 concentration, (b) temperature, 
(c) rainfall, and (d) fertilizers on cotton yield. 


lower response to increasing levels of CO, from 360 to 720 ppm at 180 kg ha7!; 
however, the APSIM model is less sensitive to CO2 compared to DSSAT (Fig. 14a). 
Both models showed a greater response to increasing levels of temperatures. The 
highest yield was observed at the lowest temperature of —2°C, while yield decreased 
as temperature increased by 2°C. The higher yield at low temperature could be due 
to increased growing period. The cotton crop failed when temperature was increased 
from 2°C to 8°C (Fig. 145). 

The crop models showed lower sensitivity to increasing amounts of rainfall. 
The lowest increase in yield was recorded when rainfall increased from 25% to 
150%; however, further increases in rainfall from 150% to 200% caused reductions 
in yield (Fig. 142). The cotton crop is sensitive to water: thus high rainfall caused 
waterlogged conditions that affect cotton growth and yield. 

Increases in nitrogen fertilizers resulted in increases in yields by both crop models 
up to 150 kg ha™!; further increase in nitrogen did not increase yields (Fig. 144). 
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Impact of Climate Change on Current and Future Cotton Production 
Systems 


Impacts of climate change on current agricultural production system 


Greater yield reductions would be expected in mid-century due to climatic uncer- 
tainty, increases in temperature, and lower rainfall under the RCP4.5 scenario. There 
would be 31% and 51% mean seed cotton yield (SCY) reduction in mid-century 
(2040-2069) compared to the baseline as simulated by DSSAT and APSIM, respec- 
tively, using the RCP 4.5 scenario. However, this reduction will differ for different 
GCMs. The DSSAT-simulated reduction in yield ranging from —13% (cool/dry) to 
—40% (hot/dry), while in APSIM this reduction ranged from —29% (cool/dry) to 
—67% (hot/dry). Greater reduction in the hot/dry scenario is due to greater increase 
in temperature (2.4°C in TMAX and 2.7°C in TMIN). Uncertain and very low rain- 
fall (—54 in PREC mm) during the cotton growing season will also play a crucial 
role (Fig. 15a). 

Temperature rise has a negative impact on cotton growth and yield. Greater SCY 
reduction would be expected in mid-century due to greater increases in temperature 
and lower rainfall in the RCP8.5 scenario. There would be 30% and 62% mean 
SCY reduction in mid-century (2040-2069) compared to the baseline as simulated 
by DSSAT and APSIM, respectively, using RCP8.5. However, this reduction will 
differ for different GCMs. The DSSAT-simulated reduction in yield ranged from 
—7% (cool/wet) to —53% (hot/dry), while in APSIM the reduction ranged from 
—43% (middle) to —81% (hot/dry). These GCMs projected much hotter and drier 
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Fig. 15. Percent change in seed cotton yield (SCY) in response to changing climate scenarios under 
RCPs 4.5 and 8.5 (Q1). 
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conditions, with greater increases in temperature (3.5°C in TMAX and 3.8°C in 
TMIN). Uncertain and very low rainfall —151 in APREC (mm) during the cotton 
growing season would also play a crucial role. 


Potential adaptation in current farming system under current climate 


Increase in nitrogen fertilization (kg ha~!) by 10% and change in planting geometry 
(increase in row spacing) by 15% were used as adaptations/interventions under 
current climate. The impact of these interventions and adaptations is presented in 
Fig. 16. The increase in SCY is 2.8% and 7.1% for DSSAT and APSIM, respectively. 


Climate change impacts on future cotton production system 
without adaptation 


A sustainable RAP (RAP 4) was developed during the consultative sessions with 
scientists and stakeholders. Soil degradation (5% increase), ground surface water 
(10% decrease), and modification in virtual cultivar could be options to minimize the 
effects of climate change on cotton productivity. Enhancement in genetic potential of 
cultivars would also be crucial for sustainable cotton production; heat-, drought-, and 
waterlogging-tolerant genotypes would be an important part of agricultural develop- 
ment. Both crop models were run with sustainable cropping systems and it was noted 
that the DSSAT-simulated reduction in SCY ranged from —13.95% to —36.21%, 
while in APSIM this reduction ranged from —28.31% to —64.24%. The climate 
scenario used was an increase in temperature (2.6 in TMAX and 3.1 in TMIN) 
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Fig. 16. Impact of current climate adaptations on cotton yield (Q2). 
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Fig. 17. Percent change in seed cotton yield (SCY) on future production system (Q3). 


and very low rainfall —100.9 A PREC (mm) during the cotton growing season 
(Fig. 17a). 

An unsustainable agricultural development pathway (RAP5) was developed dur- 
ing consultative sessions with scientists and other stakeholders. Soil degradation 
(10% increase), ground surface water (10% decrease), balanced use of fertilizer 
(8% increase), and modification in virtual cultivar could be the possible options 
to minimize the effects of climate variables on cotton productivity. Enhancement 
in genetic potential of cultivars would also be crucial for sustainable cotton pro- 
duction; heat-, drought-, and waterlogging-tolerant genotypes would also be good 
adaptations in future uncertain climate. DSSAT and APSIM were run with RAP 5 
without adaptation and it was noted that the DSSAT-simulated reduction in SCY 
ranged from —11.50% to —52.29%, while in APSIM this reduction ranged from 
—44.83% to —72.76%. The climate scenario used was an increase in temperature 
(3.5 in TMAX°C while 3.8 in TMIN°C) and very low rainfall —151 A PREC (mm) 
during the cotton growing season (Fig. 17b). 


Benefits of future climate change adaptation in cotton 


Enhancement in genetic potential of cultivars would be crucial for sustainable cotton 
production; heat-, drought-, and waterlogging-tolerant genotypes would be good 
adaptations in future uncertain climate. The adaptation strategies were tested under 
both RAPs. Under the Sustainable development RAP, DSSAT simulated an increase 
in SCY ranging from 19.70% to 33.90%, while in APSIM this increase would 
range from 30.21% to 96.47%. The climate scenario used projected an increase 
in temperature (2.6 in TMAX °C while 3.1 in TMIN °C) and very low rainfall 
—100 A PREC (mm) during the cotton-growing season. This proved to be a good 
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Fig. 18. Percent change in yield in the future cotton—wheat system due to climate change adaptations 
(Q4) under (a) RCP4.5 and (b) RCP8.5. 


adaptation strategy with the ability to compensate for the projected shortage of water 
and unexpected rainfall (Fig. 18a). 

The Unsustainable Development Pathway (RAP5 with adaptation) included 
enhancement in genetic potential of cultivars for sustainable cotton production: 
heat, drought and water logging-tolerant genotypes would be good adaptations in the 
future uncertain climate. The adaption strategy was tested with APSIM and DSSAT. 
Results with DSSAT show an increase in SCY ranging from 18.27 to 47.07%, while 
in APSIM this increase ranged from 53.68 to 108.96%. The climate scenario for 
these simulations was an increase in temperature (3.6 in TMAX°C, while 4.3 in 
TMIN°C) and moderate rainfall 49.4 A PREC (mm) during the cotton growing 
season (Fig. 18b). 


Livestock 
Climate change impacts on livestock 


Climate change may have substantial effects on the global livestock sector (Thorn- 
ton and Gerber, 2010). Livestock production systems will be affected in many 
ways and changes in productivity are inevitable. Increasing climate variability 
will increase livestock production risks and reduce the ability of farmers to man- 
age these risks. In the case of livestock, the impact of climate change is espe- 
cially significant in extreme hot and cold weather. The majority of farmers do 
not have proper shelters for livestock, so vulnerability is high in extreme climatic 
conditions. 
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Table 6. Effect of climate risk on livestock production. 


Effects Changes in livestock References 


Heat stress Production of milk, (Baumgard and Rhoads Jr, 2013) 
mortality, loss of 
reproductive 
capacity 

Water scarcity and drought Production of milk, (Nardone et al., 2010) 
mortality, loss of 
reproductive 
capacity 

Quality and quantity of feed Milk and meat (Craine et al., 2010) 
production, loss of 
reproductive 
capacity 

Floods Mortality, post-flood (Jabbar, 1990) 
water-borne 
infections 


Table 7. Projected milk yield reduction due to climate change. 


Global Circulation Model (GCM) Scenarios 
Activities Middle Hot/Dry Cool/Dry Hot/Wet Cool/Wet 


Milk reduction in percentage —20 —30 —15 —25 —10 


Source: Based on review of literature and RAPs. 


Livestock may be influenced by climate change directly or indirectly through 
a variety of key processes (Table 6). There is 20%-—30% increase in the main- 
tenance energy requirement and heat stress combined with dry matter intake 
decreased by 10%—20% in the commercial dairy herds under climate change con- 
ditions (Chase, 2006). The physiological change regarding milk synthesis dur- 
ing heat stress may be due to hepatic glucose preferentially used for processes 
other than milk synthesis (Baumgard ef al., 2011). Climatic factors, e.g., tem- 
perature, precipitation, and severity of extreme events, affect livestock and crop 
yield (Thornton ef al., 2008). Climate change will have severely deleterious 
impacts on livestock in many parts of the tropics and subtropics, even for small 
increases in the average temperature. We have incorporated a factor for milk 
reduction in all analyses based on expert opinion supported by existing literature 
(Table 7). 


Development of Climate Change Adaptation Strategies for Cotton—Wheat Cropping System 307 


Economics of climate change impacts and adaptation on cotton—wheat 
cropping system 


Climate change has extensive impacts on agricultural systems, food security, and 
biological networks. Pakistan is challenged by increasing climate change risks due to 
its hazard-prone agro-geo climatic position, overexploitation of its agricultural econ- 
omy, and prevalent poverty. This part of the RIA aims to estimate the socio-economic 
impacts of climate change on current and future agricultural production systems of 
Punjab, Pakistan. 

The TOA-MD is used for the climate change impact assessment (Antle, 2011). 
The TOA-MD model represents the whole farm production system and considers 
the farm population instead of individual farmers. The model is designed to be used 
for multidisciplinary research and it is feasible, less costly in terms of data collection 
and computation, and user friendly (Antle and Valdivia, 2015). 

The TOA-MD is used to access the socio-economic impacts of climate change 
on farming communities in the cotton—wheat cropping system of Pakistan. First, a 
comprehensive survey was conducted in the cotton—wheat cropping system through 
a well-structured questionnaire. Data were collected from 165 farms across five 
districts. The survey calculated mean, variances, and within- and between-system 
correlations. 

The model was set up with two configurations: System 1 is calculated from 
survey data characterizes the ‘current’ or base production system and System 2 
uses simulated yields from crop models to represent the climate impacted system 
or the adapted system to climate change. Vulnerability, poverty, net returns, and 
per capita income (PCI) with and without climate change are calculated by TOA- 
MD for current and future agricultural production systems. For future agricultural 
production systems, RAPs were formulated. Cost factors, future prices, household 
size, and farm size were formulated for the RAPs by expert opinion and results from 
the International Model for Policy Analysis of Agricultural Commodities and Trade 
(IMPACT) model (Fig. 19). 

Sensitivity analysis for prices was added by incorporating low and high price 
ranges for globally traded commodities in the analysis. To calculate the benefits 
of adaptations in current and future periods, adaptation packages were formulated 
by drawing upon existing literature, expert opinion, and research. The output of 
adaptation benefits was assessed in the form of adoption rate, change in net farm 
returns, and poverty rates. A sensitivity analysis for benefits of future adaptations 
regarding the cotton crop was also done. 

Caveats associated with the regional integrated analysis include the lack of rep- 
resentation of major flooding events, such as the major inundation in Pakistan in 
2011. 
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Fig. 19. Framework for climate change impact assessment and adaptation benefits (Antle et al., 
2015). 


Impacts of climate change on current agricultural production system 


This analysis is based on a multidisciplinary approach to assess the threats and 
weigh solutions for a changing climate. An integrated assessment was made to 
estimate the impacts of climate change on crop yields and the resulting effects on 
socio-economic trends to project a clear picture of agricultural production systems 
in Punjab, Pakistan in the coming decades. 

Climate results show that there would be increase in mean maximum temperature 
of 2.5°C and 3.6°C and in mean minimum temperature of 2.7°C and 3.8°C under 
RCP 4.5 and RCP 8.5, respectively, for mid-century (2040-2069) in the cotton— 
wheat cropping area. Decrease in rainfall would be about 33% and 52% during the 
cotton growing season and 36% and 42% during the wheat growing season under 
RCPs 4.5 and 8.5, respectively, for the mid-century with the hot/dry climate scenario. 

The yield reduction of the cotton crop is 51% under APSIM and 31% under 
DSSAT for RCP 4.5, while for RCP8.5 the yield reduction is on an average 62% 
and 30% for APSIM and DSSAT, respectively. The yield of wheat is reduced by 5% 
and 4% under APSIM and DSSAT, respectively, under RCP4.5, whereas it declines 
by 4% and 2% for APSIM and DSSAT, respectively, under RCP8.5. RCP4.5 was 
less negative in the projected upper and lower limits of temperature increase and 
rainfall variability. In the cases of hot/dry and hot/wet weather conditions, yields 
were decreased over current in both crop models. 

The results of the impacts analysis in Tables A.3 and A.4 (see Appendix) for the 
current system showed that there would be significant negative impacts on current 
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and future cotton production as cotton is highly sensitive to climate variations. The 
mean net economic impacts are negative under both RCPs. The results utilizing 
APSIM model crop simulations show that at the aggregate level 66 to 87% house- 
holds would be vulnerable to climate change under RCP4.5, while vulnerability 
would be 75 to 93% under RCP 8.5. With DSSAT crop model results 60 to 80% of 
households would be vulnerable under mild climatic conditions while vulnerability 
would be 62 to 88% under harsh climatic scenarios. The APSIM crop model results 
lead to larger negative economic impacts than DSSAT; on the other hand, there is a 
significant difference between mild and harsh climatic scenarios. Net impacts over- 
all show that there will be negative impacts of changing climatic conditions on the 
cotton—wheat cropping system. 

In this study, observed mean yield for wheat is 12,780 kg per farm and for cotton 
8748.6 kg per farm. The results showed that cotton is highly sensitive to climate 
change in Pakistan as its current yield declines in the range of 13% to 65% due to 
climate change under RCP 4.5. Wheat yield is also sensitive to climatic variation; 
its yield also shows mild benefits resulting from increased CO, concentrations. The 
majority of farmers would lose from CC, ranging between 60% and 87% under 
RCP 4.5. Net farm returns decline substantially from initial 685,660.8 PKR rupees 
per farm. This would increase farm poverty due to climate change. The simulations 
showed that poverty will be increased due to climate change under all GCMs, RCPs, 
and crop models as net returns are negative; PCI is also decreasing, mainly due to 
adverse impacts on cotton (Fig. 20). 

Climate change had relatively larger impacts on the current agricultural produc- 
tion system than on the future farming systems; percentage of vulnerability, net 
economic impacts, and poverty due to climate change are larger under the current 
agricultural production system. It is suggested that adaptation and mitigation strate- 
gies must be explored and practiced limiting potential climate change damages in 
Pakistan. 


Potential adaptation in the current system under current climate 


The proposed management interventions have an overall positive impact on farm net 
returns and per capita income. The results with APSIM crop model simulations show 
that adoption rate is projected at 56%, which will increase the mean net revenue and 
per capita income by 14%. Increased returns and PCI will ultimately reduce the farm 
level poverty by 76% in the cotton—wheat cropping system compared to the present. 
Net returns and PCI would be increased by 16% in the cotton—wheat cropping 
system utilizing the DSSAT crop model; these higher returns will reduce poverty 
by 85%. The potential adoption rate is 59% with the DSSAT crop model crop yield 
changes. 
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Fig. 20. Aggregated net economic impacts for the five GCM climate change scenarios under RCPs 
4.5 and 8.5 with DSSAT and APSIM for simulated yields in the future agricultural production system 
of Punjab. 


Vulnerability of future system to climate changes 


The impact analysis presented in Tables A.5--A.8 (see Appendix) projects serious 
future challenges to the cotton crop as cotton yield declined sharply in both crop 
models. The analysis in the future was made under the two development pathways 
(RAPs) and under different price assumptions for the key crops. The analysis showed 
that cotton is highly vulnerable to climate change and sensitive to both high tempera- 
ture and variation in rainfall pattern. Due to these variations, farmers start producing 
other crops and take up orchard farming. 

Wheat is a staple food that is important in terms of food security. Wheat yield 
changes from 3 to —9 kg per farm in APSIM and 0.4 to —8 in DSSAT. Mean change 
in output of the cotton crop ranges between —24 and —64 kg per farm in case of 
APSIM and between —14 and —36% in DSSAT. Farming households in the cotton— 
wheat cropping system are highly vulnerable to climatic variations. Approximately 
59% to 87% of households are vulnerable utilizing APSIM and 53% to 74% utilizing 
the DSSAT crop model simulations for the sustainable development pathway with 
high prices (Figs. 21 and 22). 

Climate change vulnerability is relatively high when prices are high, whereas 
for the sustainable development pathway (RAP 4) climate change vulnerability is 
relatively less compared to the unsustainable development pathway (RAP 5). Losses 
are higher in APSIM than in DSSAT as the relative yields of cotton are lower in 
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Fig.21. Comparison of proportion of vulnerable households for sustainable and unsustainable devel- 
opment pathways with high prices. 
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Fig.22. Comparison of proportion of vulnerable households for sustainable and unsustainable devel- 
opment pathways with low prices. 


the APSIM crop model. The APSIM crop model is relatively more sensitive than 
DSSAT and shows higher cotton crop losses than DSSAT. Poverty rates would be 
increased due to climate change and net farm returns and PCI would also decline 
for all GCMs for DSSAT and APSIM. 
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Potential adaptation in the future system under climate change 


Results show an increase in net returns due to adaptation that will increase PCI and 
reduce poverty compared to a future without adaptation. Planned and unplanned 
adaptations to climate vulnerability in agricultural systems can maintain ecosystem 
balance and minimize economic losses. Policies for development must have syn- 
ergistic effects with climate change to ensure the adaptive capacity of the nation. 
To minimize climate losses there can be adaptation strategies on the farm level, 
as well as on the national policy level. To assess the benefits of adaptation, the 
adaptation packages were formulated through a continuous engagement process 
with researchers, farmers, and policy makers to combat current and future climatic 
vulnerabilities. 

For current and future climatic vulnerabilities, different short-term and long-term 
adaptation packages were compiled in which biophysical, socio-economic, and pol- 
icy parameters were assessed. Important adaptation parameters for the future were 
genetic improvements, drought-resistant and heat-tolerant varieties, deep tillage, 
soil and water conservation practices, construction of water storage, efficient irriga- 
tion systems, crop diversification, agricultural insurance, and farm mechanization 
(e.g., mechanical pickers for cotton). 

The adoption rate under sustainable development ranges between 23% and 67% 
under high price scenarios and 33% to 49% for low price scenarios. Percentage 
change in net economic returns under sustainable development pathways ranges 
between 4% and 27% in high price scenarios and 12% to 19% in low price scenarios. 
Likewise, under sustainable development pathways PCI would increase by 4% to 
21% under high prices and 12% to 18% under low prices. Adoption rate under 
unsustainable development pathways ranges from 53% to 62% and 35% to 47% 
for high and low prices, respectively. Unsustainable development pathways exhibit 
an increase in net economic returns ranging from 17% to 23% and 11% to 17% 
under high and low prices, respectively. Reduction in poverty for unsustainable 
development ranges from 45% to 51% and 24% to 57% under low and high prices, 
respectively. See Tables A.9.-A.12 in the Appendix. 


Conclusions and Next Steps 


Climate change is a great threat for current agricultural production systems in 
Pakistan. Cotton and wheat are important cash crops and support the agro-based Pak- 
istan economy. Climate change is projected to bring an increase in mean maximum 
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temperature of 2.5°C to 3.6°C and mean minimum temperature of 2.7°C to 3.8°C by 
mid-century in Punjab, Pakistan. Decrease in rainfall would be about 33% to 52% 
during the cotton growing season and 36% to 42% during the wheat growing season 
with hot/dry conditions. Reductions in cotton yield of 7% to 42% and wheat yield 
of 2% to 4.5% would result. The cotton crop is relatively more sensitive to climate 
change than wheat. Wheat is benefited by future increases in CO, concentrations 
but harmed by rising temperature. 

Economic results show that there would be drastic impacts on farm income due 
to the increase in temperature and humidity in the cotton—wheat cropping system. 
Seventy-eight percent of households are vulnerable to climate change, with simu- 
lated increases of 69% in farm poverty through reductions of 27% net returns in the 
current cotton—wheat cropping system. 

These crop yield reductions can be minimized by management interventions on 
farms that increase sowing density and fertilizer application in cotton and change 
the sowing dates and fertilizer application methods in wheat. Those would increase 
net returns by 15% and reduce poverty. In the future agriculture production system, 
71% on average farm households were vulnerable to future pathways, out of which 
69% were vulnerable in case of Sustainable Development Pathways (RAP4) (under 
RCP4.5), while 74% were in Unsustainable Pathways (RAP5) (under RCP8.5). 
Poverty would increase by 53% due to a 19% decrease in net farm returns. 

The proposed adaptation package includes increase in sowing density, balanced 
use of fertilizer, and improved genetic cultivars. The adoption rate of this adaptation 
package is projected to be 56% and it reduces farm poverty levels, on average, 
by 36%. While the analysis shows that the adaptation strategy help to offset the 
negative impacts of climate change, they are not enough. There is still a considerable 
proportion of farms that would remain vulnerable to climate change and under 
high poverty rates. Further analysis that include different strategies coupled with 
policy interventions or different land use should be examined. The AgMIP Regional 
Integrated Assessment has the tools and methods to extend the current analysis and 
therefore contribute with supporting policy decision-making with science-based 
information. 
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Appendix 


Station 


Multan 
Bahawalpur 
Bahwalnagar 
Lodhran 

Rahim Yar Khan 


Multan 
Bahawalpur 
Bahwalnagar 
Lodhran 

Rahim Yar Khan 


Latitude 


30.2 
29.3 
30.0 
29.5 
28.4 


30.19 
29.34 
29.99 
29.53 
28.42 


Table A.1. Selected GCMs under characteristic climate conditions. 


Crops Cotton/Wheat 
Season JJASONDJFMA 
Cool/Wet Hot/Wet Middle Cool/Dry  Hot/Dry 
RCP 4.5 M 1 J E W 
RCP 8.5 I 1 C E W 


Table A.2. Median changes in projected climate for all districts. 


Longitude Cotton Wheat Annual Cotton Wheat Annual 
TMAX (°C) RCP 4.5 TMIN (°C) RCP 4.5 
71.5 2.7 255 2T 1.7 2.2 1.9 
71.7 2.4 2.5 2:5 1.9 2.3 2.2 
73.3 2.2 1.9 1.8 1.5 1.8 1.8 
71.6 2.4 2.5 25 1.5 2.2 1.9 
70.3 2.4 2.5 2.5 1.9 2.3 2.2 
TMAX (°C) RCP 8.5 TMIN (°C) RCP 8.5 
71.5 2.6 2.9 2.6 3.3 3.2 3.1 
71.7 2.5 3.0 2.6 3.0 27 2.8 
73.3 25 3.0 2.6 3.0 2.7 2.8 
71.6 2.5 29 2.6 3.0 24 3.1 
70.3 2:5 29 2.6 3.0 2.7 3.1 


Cotton 


Wheat 


Annual 


RAIN (mm) RCP 4.5 


G4 <=<36° =57 
—16.6 11.3 =9;3 
98 -70 10A 
—20.8 15.6  —11.4 
—9.7 13.7 283 
RAIN (mm) RCP 8.5 
Ls =172 17.2 
1.3 0.3 9.5 
12 226 9.4 
3.3 0.3 18.1 
16 9.0 12.6 
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Table A.3. Climate sensitivity of current cotton—wheat cropping system of Punjab, Pakistan under RCP 4.5. 


Hot/Dry Hot/Wet Middle Cool/Dry Cool/Wet 
Aggregated Results APSIM DSSAT APSIM DSSAT APSIM DSSAT APSIM DSSAT APSIM  DSSAT 
Observed mean output of 12,780 12,780 12,780 12,780 12,780 12,780 12,780 12,780 12,780 12,780 
wheat (kg/farm) 
Mean change in output of —14 —10 —0.4 —6 —2 2 1 =2 =11 a 
wheat (%) 
Observed mean output of 8478 8478 8478 8478 8478 8478 8478 8478 8478 8478 
cotton (kg/farm) 
Mean change in output of —67 —40 —65 —32 —44 —31 —30 =13 —51 = 39 
cotton (kg/farm) 
Vulnerable households (%) 87 80 83 71 FT 71 66 60 82 75 
Gains (% mean net returns) 17 18 18 19 17 21 19 19 17 20 
Losses (% mean net returns) —47 —39 —43 —37 —32 —34 —30 —25 —41 —36 


Observed net returns without 685,660 685,660 685,660 685,660 685,660 685,660 685,660 685,660 685,660 685,660 
CC (Rs./farm) 
Projected net returns with CC 421,212 494,940 456,605 522,788 549,397 560,313 593,081 628,536 474,071 536,140 


(Rs./farm) 

Observed PCI* without CC 133,503 133,504 133,504 133,504 133,504 133,503 133,504 133,504 133,504 133,504 
(Rs.) 

Projected PCI with CC (Rs.) 82,501 98,493 88,265 103,274 105,600 110,132 114,439 122,463 93,581 106,611 

Observed poverty rate 8 8 8 8 8 8 8 8 8 8 
without CC (%) 

Projected poverty rate with 18 12 16 12 13 11 10 9 14 Ti 
CC (%) 


Note: *Per capita income (PCI) is the average income of the households that measures the income earned per person in the cotton—wheat cropping 
system in one year. 
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Table A.4. Climate sensitivity of current cotton—wheat cropping system of Punjab, Pakistan under RCP 8.5. 


APSIM DSSAT 


Hot/Dry 

Aggregated Results APSIM DSSAT 

Observed mean output of 12,780 12,780 
wheat (kg/farm) 

Mean change in output of —12 —14 
wheat (%) 

Observed mean output of 8478 8478 
cotton (kg/farm) 

Mean change in output of —81 —53 
cotton (kg/farm) 

Vulnerable households (%) 719 74 

Gains (% mean net returns) 18 19 

Losses (% mean net returns) —39 —35 

Observed net returns without 685,660 685,660 
CC (Rs./farm) 

Projected net returns with CC 497,863 542,481 
(Rs./farm) 

Observed PCI* without CC 133,503 = 133,504 
(Rs.) 

Projected PCI with CC (Rs.) 96,578 106,942 

Observed poverty rate 8 8 
without CC (%) 

Projected poverty rate with 14 11 
CC (%) 


12,780 


—0.3 


8478 
=82 

93 

14 

—55 
685,660 
342,871 
133,504 


68,388 
8 


25 


12,780 


88 
16 

—45 
685,660 
429,503 
133,504 


85,850 
8 


16 


Middle 
APSIM DSSAT 
12,780 12,780 
—13 +2 
8478 8478 
—44 —14 
93 84 
14 17 
—53 —41 
685,660 685,660 
353,581 469,069 
133,504 133,503 
70,268 93,124 
8 8 
24 14 


APSIM DSSAT 


12,780 


—0.2 


8478 
—54 

78 

19 

—38 
685,660 
508,827 
133,504 


98,843 
8 


14 


12,780 


62 

23 

=31 
685,660 
615,502 
133,504 


120,657 
8 


10 


Cool/Wet 
APSIM DSSAT 
12,780 12,780 
+2 +9 
8478 8478 
—50 —8 
75 78 
20 18 
—38 —37 
685,660 685,660 
527,457 515,331 
133,504 133,504 
101,991 101,480 
8 8 
13 13 


Note: *Per capita income (PCI) is the average income of the households that measures the income earned per person in the cotton—wheat cropping 


system in one year. 
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Table A.5. Climate change impacts in future cotton—wheat cropping system in Punjab, Pakistan under sustainable development with high prices. 


Aggregated Results 


Projected mean output 
of wheat (kg/farm) 
Mean change in output 
of wheat (%) 

Projected mean output 
of cotton (kg/farm) 

Mean change in output 
of cotton (%) 

Vulnerable households 
(%) 

Gains (% mean net 
returns) 

Losses (% mean net 
returns) 

Projected net returns 
without CC (Rs./farm) 

Projected net returns 
with CC (Rs./farm) 

Projected PCI* without 
CC (Rs.) 

Projected PCI with CC 
(Rs.) 

Projected poverty rate 
without CC (%) 

Projected poverty rate 
with CC (%) 


Hot/Dry 
APSIM DSSAT 
16,082 16,082 
3 =2 
10,464 10,464 
—28 —14 
87 74 
15 18 
—4] —32 
112,4581 112,4581 
748,126 909,099 
172,081 172,081 
114,748 140,156 
6 6 
12 9 


Hot/Wet 
APSIM DSSAT 
16,082 16,082 
2 =) 
10,464 10,464 
—64 =32 
83 68 
16 19 
—38 —30 
112,4581 112,4581 
800, 148 962,799 
172,081 172,081 
120,924 147,549 
6 6 
11 8 


Middle 
APSIM _DSSAT 
16,082 16,082 
=) -3 
10,464 10,464 
—46 -36 

72 64 

19 21 

-33 —29 
112,4581 112,4581 
920,265 100,0511 
172,081 172,081 
139,586 153,757 
6 6 

9 8 


Cool/Dry Cool/Wet 

APSIM DSSAT APSIM DSSAT 

16,082 16,082 16,082 16,082 
~9 —8 —8 0.4 

10,464 10,464 10,464 10,464 

—62 —36 —51 —36 

59 53 86 69 

23 25 15 19 

—28 —26 —43 —30 

112,4581 112,4581 112,4581 112,4581 

105,0896 109,9414.2 721,551 958,682 

172,081 172,081 172,081 172,081 

158,768 168,057 115,180 148,807 

6 6 6 6 

8 7 15 8 


Note: *Per capita income (PCI) is the average income of the households that measures the income earned per person in the cotton—wheat cropping system 


in one year. 
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Table A.6. Climate change impacts in future cotton—wheat cropping system in Punjab, Pakistan under sustainable development with low prices. 


Aggregated Results 


Projected mean output of 
wheat (kg/farm) 

Mean change in output of 
wheat (%) 

Projected mean output of 
cotton (kg/farm) 

Mean change in output of 
cotton (%) 

Vulnerable households (%) 

Gains (% mean net returns) 

Losses (% mean net returns) 

Projected net returns without 
CC (Rs./farm) 

Projected net returns with CC 
(Rs./farm) 

Projected PCI* without CC 
(Rs.) 

Projected PCI with CC (Rs.) 

Projected poverty rate 
without CC (%) 

Projected poverty rate with 
CC (%) 


APSIM DSSAT 


16,082 
3 
10,464 
—28 

83 

17 

—40 
771,055 
535,153 
118,974 


83,368 
11 


19 


16,082 
= 
10,464 
-14 

69 

20 

=32 
771,055 
648,852 
118,974 


101,184 
11 


13 


Hot/Wet 
APSIM DSSAT 
16,082 16,082 
2 —5 
10,464 10,464 
—64 —32 
78 63 
18 22 
—37 —30 
771,055 771,055 
574,961 687,674 
118,974 118,974 
88,291 106,539 
11 11 
18 13 


Middle 
APSIM  DSSAT 
16,082 16,082 
= =3 
10,464 10,464 
—46 —36 
68 60 
21 23 
=33 =30 
771,055 771,055 
653,678 710,266 
118,974 118,974 
100,533 110,334 
11 11 
14 12 


Cool/Dry 
APSIM DSSAT 
16,082 16,082 
—9 —8 
10,464 10,464 
—62 —36 
52 46 
27 28 
—28 —26 
771,055 771,055 
764,282 797,551 
118,974 118,974 
116,440 122,740 
11 11 
12 11 


Cool/Wet 


APSIM DSSAT 


16,082 
=$ 
10,464 
si 

77 

18 

—36 
771,055 
592,029 
118,974 


92,942 
11 


15 


16,082 
0.4 

10,464 

—36 

64 

22 

=30 

771,055 

685,217 

118,974 


107,450 
11 


12 


Note: *Per capita income (PCI) is the average income of the households that measures the income earned per person in the cotton—wheat cropping 


system in one year. 
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Table A.7. Climate change impacts in future cotton—wheat cropping system in Punjab, Pakistan under unsustainable development with high prices. 


APSIM DSSAT 


Projected mean output of 12,298 


Aggregated Results 
wheat (kg/farm) 

Mean change in output of -11 
wheat (%) 

Projected mean output of 8002 
cotton (kg/farm) 

Mean change in output of —75 
cotton (%) 

Vulnerable households (%) 93 

Gains (% mean net returns) 14 

Losses (% mean net returns) —50 


Projected net returns without 923,457 
CC (Rs./farm) 

Projected net returns with CC 500,288 
(Rs./farm) 

Projected PCI* without CC 131,964 
(Rs.) 

Projected PCI with CC (Rs.) 72,598 


Projected poverty rate 9 
without CC (%) 
Projected poverty rate with 24 


CC (%) 


12,298 
=10 
8002 
—47 

85 

16 

—39 
923,457 
636,958 
131,964 


92,580 
9 


15 


APSIM DSSAT 


12,298 
17 
8002 
—45 

86 

16 

—46 
923,457 
577,074 
131,964 


81,308 
9 


22 


12,298 


79 

17 

—35 
923,457 
697,181 
131,964 


10,0381 
9 


13 


Middle 


APSIM DSSAT 


12,298 
-17 
8002 
—76 

78 

17 

—35 
923,457 
705,545 
131,964 


100,730 
9 


13 


12,298 
—14 
8002 
—52 

56 

24 

37 
923,457 
883,411 
131,964 


127,132 
9 


APSIM DSSAT 


12,298 


—52 

78 

17 

—36 
923,457 
700,116 
131,964 


99,396 
9 


14 


12,298 


20 

—30 
923,457 
804,853 
131,964 


115,326 
9 


11 


Cool/Wet 


APSIM DSSAT 


12,298 


77 

18 

—35 
923,457 
712,500 
131,964 


101,332 
9 


13 


12,298 
=11 
8002 
=I 

49 

26 

—25 
923,457 
931,248 
131,964 


132,809 
9 


Note: *Per capita income (PCI) is the average income of the households that measures the income earned per person in the cotton—wheat cropping 


system in one year. 
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Table A.8. Climate change impacts in future cotton—wheat cropping system in Punjab, Pakistan under unsustainable development with low prices. 


Aggregated Results 


Projected mean output of 
wheat (kg/farm) 

Mean change in output of 
wheat (%) 

Projected mean output of 
cotton (kg/farm) 

Mean change in output of 
cotton (%) 

Vulnerable households (%) 

Gains (% mean net returns) 

Losses (% mean net returns) 

Projected net returns without 
CC (Rs./farm) 

Projected net returns with CC 
(Rs./farm) 

Projected PCI* without CC 
(Rs.) 

Projected PCI with CC (Rs.) 

Projected poverty rate 
without CC (%) 

Projected poverty rate with 
CC (%) 


APSIM DSSAT 


12,298 
—11 
8002 
-75 

93 

14 

—50 
591,617 
321,960 
85,555 


48,000 
16 


47 


12,298 
=10 
8002 
—47 

85 

16 

=30 
591,617 
408,437 
85,555 


60,593 
16 


31 


Hot/Wet 
APSIM DSSAT 
12,298 12,298 
-17 —7 
8002 8002 
—45 —18 
86 79 
16 17 
—45 —36 
591,617 591,617 
373,351 447,799 
85,555 85,555 
54,012 65,690 
16 16 
42 27 


Middle 
APSIM DSSAT 
12,298 12,298 

-17 —14 
8002 8002 
—76 —52 

78 54 

17 26 

—36 —29 
591,617 591,617 
447,874 569,364 
85,555 85,555 
65,229 82,739 
16 16 

28 20 


Cool/Dry 
APSIM DSSAT 
12,298 12,298 
—8 —6 
8002 8002 
—52 —31 
77 66 
18 21 
—36 —30 
591,617 591,617 
451,077 516,886 
85,555 85,555 
65,277 75,145 
16 16 
28 22 


Cool/Wet 
APSIM DSSAT 
12,298 12,298 
—9 —11 
8002 8002 
—50 —11 
76 49 
18 27 
—35 —26 
591,617 591,617 
460,236 597,193 
85,555 85,555 
66,709 86,178 
16 16 
27 18 


Note: *Per capita income (PCI) is the average income of the households that measures the income earned per person in the cotton—wheat cropping 


system in one year. 
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Table A.9. Benefits of future climate change adaptation in cotton—wheat cropping system of Punjab, Pakistan under sustainable development with high 
prices. 


Hot/Dry Hot/Wet Middle Cool/Dry Cool/Wet 

Aggregated Results APSIM DSSAT APSIM DSSAT APSIM DSSAT APSIM DSSAT APSIM DSSAT 

Projected mean output 16,082 14,709 16,347 15,361 15,858 15,759 16,536 15,831 13,541 16,250 
of wheat* (kg/farm) 

Mean change in output —12 20 9 18 3 12 —4 —15 8 11 
of wheat (%) 

Projected mean output 10,464.2 6693.1 3768.8 7048.6 5634.5 7353.4 7516 9025.5 5162.5 6682.9 
of cotton** (kg/farm) 

Mean change in output 84 39 96 31 71 26 30 20 63 30 
of cotton (%) 

Adoption rate (%) 24 72 67 70 69 66 58 66 76 67 


Projected net returns 11,24,556 909,088 770,872 962,796 920,296 10,00,460 1037,545 10,99,404 721,453 958,634 
without CC (Rs./farm) 

Projected net returns 11,76,239 11,99,727 978,354 12,47,243 11,73,652 12,60,955 12,38,155 13,78,007 10,31,559 12,22,055 
with CC (Rs./farm) 

Projected PCI*** 172,603 140,576 117,115 147,993 140,001 154,238 156,878 168,559 115,561 149,267 
without CC (Rs.) 

Projected PCI with CC 180,478 183,666 147,960 190,396 179,450 193,609 188,332 210,279 160,095 188,949 
(Rs.) 


Projected poverty rate 6 9 12 8 9 8 8 7 15 8 
without CC (%) 
Projected poverty rate 4 4 6 4 4 4 + 4 3 4 


with CC (%) 


Note: *The projected yields of wheat were calculated from simulations of APSIM and DSSAT and they vary in all climate scenarios. 

** The projected yields of cotton were calculated from simulations of APSIM and DSSAT and they vary in all climate scenarios. 

*** Per capita income (PCI) is the average income of the households that measures the income earned per person in the cotton—wheat cropping system in 
one year. 


wajskg Suiddosy Iway—UONo) sof saisajv1jg uoyvidvpy asupyD amw Jo juaudojaaaq 


Ice 


Table A.10. Benefits of future climate change adaptation in cotton—wheat cropping system of Punjab, Pakistan under sustainable development 


with low prices. 


Aggregated Results 

Projected mean output of 16,082 
wheat* (kg/farm) 

Mean change in output of —12 
wheat (%) 

Projected mean output of 10,464 
cotton** (kg/farm) 

Mean change in output of 84 
cotton (%) 

Adoption rate (%) 47 


Projected net returns without 535,246 
CC (Rs./farm) 

Projected net returns with CC 626,036 
(Rs./farm) 

Projected PCI*** without CC 83,618 
(Rs.) 


Projected PCI with CC (Rs.) 97,391 

Projected poverty rate 19 
without CC (%) 

Projected poverty rate with 14 
CC (%) 


APSIM DSSAT 


14,709 
20 
6693 
39 


60 
648,931 


834,299 
101,493 


128,824 
14 


Hot/Wet 


APSIM DSSAT 


16,347 
9 

3768 
96 


48 
575,044 


677,063 
88,563 


103,773 
18 


13 


15,361 
18 
7048 
31 


51 
687,763 


831,919 
106,867 


128,297 
13 


10 


Middle 


APSIM DSSAT 


15,858 
3 

5634 
71 


49 
653,783 


778,443 
100,835 


120,409 
14 


10 


15,759 
12 
7353 
26 


48 
710,325 


844,072 
110,688 


130,832 
1 


APSIM DSSAT 


16,536 


30 


39 
764,408 


860,503 
116,793 


131,866 
11 


15,831 
—15 
9025 
20 


47 
797,646 


937,901 
123,120 


144,097 
10 


Cool/Wet 


APSIM DSSAT 


13,541 
8 

5162 
63 


48 
592,091 


700,582 
93,228 


109,779 
15 


11 


Note: *The projected yields of wheat were calculated from simulations of APSIM and DSSAT and it varies in all climate scenarios. 
**The projected yields of cotton were calculated from simulations of APSIM and DSSAT and it varies in all climate scenarios. 
**Per capita income (PCI) is the average income of the households that measures the income earned per person in the cotton—wheat cropping 


system in one year. 


16,250 
11 
6682 
30 


49 
685,272 


820,487 
107,791 


128,077 
12 
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Table A.11. Benefits of future climate change adaptation in cotton—wheat cropping system of Punjab, Pakistan under unsustainable development 
with high prices. 


APSIM DSSAT 


Aggregated Results 


Projected mean output of 


10, 126 

wheat* (kg/farm) 

Mean change in output of —11 
wheat (%) 

Projected mean output of 1985 
cotton** (kg/farm) 

Mean change in output of 109 
cotton (%) 

Adoption rate (%) 

Projected net returns without 500,302 


CC (Rs./farm) 
Projected net returns with CC 611,443 
(Rs./farm) 


Projected PCI*** without CC 72,610 
(Rs.) 

Projected PCI with CC (Rs.) 89,089 

Projected poverty rate 24 
without CC (%) 

Projected poverty rate with 14 


CC (%) 


60.9 


10,540 


23 


3839 


41 


76.8 


636,961 
885,133 
92,593 


126,266 
15 


Hot/Wet 


APSIM DSSAT 


11,265 
—6 
2119 


58 


53.8 


577,099 
676,980 
81,324 


96,129 
22 


12 


11,019 
13 
4280 


19 


73.7 


697, 186 
936,540 
100,396 


132,995 
13 


Middle 
APSIM DSSAT 


10,162 11,423 
—6 17 
4442 6617 

54 30 

65 64 
705,554 883,408 
881,995 10,96,404 


100,746 127,149 
127,159 = 156,827 
13 9 
7 5 


Cool/Dry 
APSIM DSSAT 

11,324 11,484 
—16 27 
3830 5459 
104 47 

63.3 70.3 

700,133 804,858 


853,349 10,40,005 


99,413 115,343 
121,836 147,533 
13 10 
7 6 


Cool/Wet 


APSIM DSSAT 


11,182 11,619 
1 10 
4023 7093 
74 18 

73.9 62.9 
712,514 931,247 


946,536 11,47,264 


101,348 132,828 
134,827 162,924 
13 9 
6 5 


Note: *The projected yields of wheat were calculated from simulations of APSIM and DSSAT and it varies in all climate scenarios. 
**The projected yields of cotton were calculated from simulations of APSIM and DSSAT and it varies in all climate scenarios. 


***Per capita income (PCI) is the average income of the households that measures the income earned per person in the cotton—wheat cropping 


system in one year. 
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Table A.12. Benefits of future climate change adaptation in cotton-wheat cropping system of Punjab, Pakistan under unsustainable development 
with low prices. 


Hot/Dry Hot/Wet Middle Cool/Dry Cool/Wet 

Aggregated Results APSIM DSSAT APSIM DSSAT APSIM DSSAT APSIM DSSAT APSIM  DSSAT 

Projected mean output of 10,126 10,540 11,265 11,019 10, 162 11,423 11,324 11,484 11,182 11,619.1 
wheat* (kg/farm) 

Mean change in output of =11 23 —6 13 —6 17 —16 27 1 10 
wheat (%) 

Projected mean output of 1985 3839 2119 4280 4442 6617 3830 5459 4023 7093 
cotton** (kg/farm) 

Mean change in output of 109 41 58 19 54 30 104 47 74 18 
cotton (%) 

Adoption rate (%) 87 52 35 50 41 40 40 46 48 47 


Projected net returns without 32,4005 410,473 375,641 4499,39 449,755 571,569 451,087 519,058 462,383 599,290 
CC (Rs./farm) 

Projected net returns with CC 523,569 519,054 417,429 553,960 522,074 661,078 513,625 619,192 552,265 705,192 
(Rs./farm) 

Projected PCI*** without CC 48,291 60,892 54,342 66,004 65,505 83,061 65,288 75,461 67,025 86,487 
(Rs.) 

Projected PCI with CC (Rs.) 75,845 75,508 60,570 80,085 76,386 95,569 74,519 89,126 79,848 101,181 


Projected poverty rate 46.4 30.8 41.5 26.9 27.8 19:2 28.2 21.4 26.8 17.4 
without CC (%) 

Projected poverty rate with 19.9 23.5 33.8 21.0 22.0 15.5 22.5 17.0 20.3 13.1 
CC (%) 


Note: *The projected yields of wheat were calculated from simulations of APSIM and DSSAT and it varies in all climate scenarios. 

**The projected yields of cotton were calculated from simulations of APSIM and DSSAT and it varies in all climate scenarios. 

***Per capita income (PCI) is the average income of the households that measures the income earned per person in the cotton—wheat cropping 
system in one year. 
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Introduction 


The IPCC’s Special Report on global warming of 1.5°C clearly establishes that the 
world has already warmed by 1.0°C since pre-industrial levels. Some regions have 
warmed even more (IPCC, 2018). Its ill effects are now visible across India and 
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its impacts are increasingly visible with greater variability of the monsoon. The 
average temperature over India during the year 2019 was above normal. During the 
year, annual mean surface air temperature, averaged over the country, was +0.36°C 
above (1981-2010 period) average. The year 2019 was the seventh warmest year 
on record since nation-wide records commenced in 1901. However, the warming 
during 2019 was substantially lower than the highest warming observed over India 
during 2016 (+0.71°C) (IMD, 2020). 

India is already one of the most vulnerable countries to climate change. Research 
indicated that between 1901 and 2017, India has warmed by almost 1.2—0.2°C 
more than the global average temperature (CSE, 2019). The risk of exacerbation of 
extreme poverty in India is significant under a 1.5°C warming scenario and is worse 
under current trends, as it is expected to drive 42 million Indians into poverty by 
2030 (World Bank, 2018). Seasonal mean rainfall shows inter-decadal variability, 
noticeably a declining trend with more frequent deficit monsoons (Kulkarni, 2012). 

There has also been an increase in the occurrence of extreme weather events, 
such as heat waves and intense precipitation, that affect agricultural production and 
thereby the food security and livelihoods of many small and marginal farmers, partic- 
ularly in the more stress-prone regions of the central and eastern Indo-Gangetic Plain 
(IGP). The frequency of heavy precipitation events is increasing (Krishnamurthy 
et al., 2009; Pattanaik and Rajeevan, 2010; Rajeevan et al., 2008; Sen Roy, 2009), 
while light-rain events are decreasing (Goswami et al., 2006). 

It is projected that under RCP 4.5, the temperature increase at the 75th percentile 
will be 1.1°C and 3.0°C during rabi season (December—February) in 2035 and 
2100, respectively, and the corresponding precipitation will also increase on the 
order of 4% and 14%. However, during kharif season (June to August), the increase 
of temperature will be 0.9°C and 2.4°C in 2035 and 2100, respectively, and the 
corresponding precipitation will also increase on the order of 6% and 13% (IPCC, 
2013). 

Faced with the challenge of providing food security for a growing population 
in the region, it is pertinent to utilize farming system approaches that integrate 
cropping systems with alternative income-generating activities. Traditionally, the 
farming systems of the region were sustainable; however, these farming systems are 
changing rapidly from extensive mixed crops and livestock to intensive irrigated 
crops. This signifies the need for optimization of various agricultural components 
and their integration into multi-enterprise farming systems, development of sustain- 
able farming practices for enhanced soil health, and resource use efficiencies under 
diverse farming situations and farm categories. 

Site-specific and integrated system (cropping, livestock, fisheries, and vegeta- 
bles) management options can reduce the climatic risk and improve utilization of 
available natural resources that contribute to higher agricultural productivity and 
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thereby enhance the food and livelihood security of small-scale and marginal farm- 
ers of the region. Integrated assessment of climate change impacts on agricultural 
systems through modeling provides meaningful estimates to help policy makers 
develop constructive and concrete national and regional plans for projected future 
conditions. 


Description of Farming System 


The study area is located in Meerut District (29°4’N, 77°46’E, 237m), part of the 
Upper Gangetic agro-climatic region of the IGP, India (Fig. 1). The climate is semi- 
arid subtropical, with dry hot summers and cold winters. Meteorological data were 
collected from the agro-meteorological observatory located at the ICAR-Indian 
Institute of Farming Systems Research, Modipuram, near the experimental site, 
during the period 1992-2010. Data collected include daily maximum and minimum 
temperatures, rainfall, and sunshine hours. The solar radiation was estimated based 


Fig. 1. Indo-Gangetic Plain and study location in India. 
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on sunshine hours, by using the Angstrom equation (Angstrom, 1924; Medugu and 
Yakubu, 2011). 

The climate data for the period 1980-1991 were created using the bias-corrected 
Agricultural Modern-Era Retrospective Analysis for Research and Applications 
(AgMERRA) (Ruane ef al., 2015) satellite-derived data. The climatic scenarios 
for 20 global climate models (GCMs) were generated through the R-codes provided 
by Agricultural Model Intercomparison and Improvement Project (AgMIP) (Ruane 
and Hudson, 2013). 

The soil of the experimental site is a sandy loam (18% clay, 19.5% silt, and 
62.5% sand) of Gangetic alluvial origin. It is very deep (>2 m), well drained, flat 
(about 1% slope), and representative of an extensive soil series, i.e., the Sobha- 
pur series of northwest India. Soil physical and chemical characteristic data (viz., 
bulk density, electrical conductivity, pH, organic carbon, ammoniacal nitrogen, 
and nitrate nitrogen) were determined for different depths (0-15 cm, 15-30 cm, 
30-45 cm, 45—60 cm, 60-75 cm, 75-90 cm, and 90-105 cm). Soil texture, field 
capacity (drained upper limit), and 15-bar lower limit at different depths were also 
determined. 

Rice—wheat and sugarcane—wheat are the predominant cropping systems in the 
area. Livestock (cow and buffalo for milk purpose) is an integral part of the farming 
system of sample households. However, in this present study we have considered 
only the farmers practicing rice-wheat and livestock (cow—buffalo) farming system. 
Livestock holding is generally proportional to land holding, but a majority of the 
farmers, even with small land holdings, keep at least one milk animal (indigenous 
or crossbred cow and/or buffalo). 

Livestock serves a dual purpose for the households. While milk is either con- 
sumed in the family or sold to earn extra income, livestock dung is used as farm yard 
manure, which helps improve soil health. Thus, on-farm recycling of crop byprod- 
ucts enhances resource use efficiency and also reduces farm households’ dependence 
on farm input (e.g., fertilizers) purchased from the market. However, due to small 
holdings, farm households are also engaged in non-farm activities (wage earning, 
small grocery shops, employment in formal and informal sector, etc.) to support 
their livelihoods. The typical farming system in this region is depicted in Fig. 2. 


Key Decisions and Stakeholder Interactions 


Most of the climate change impact studies around the world have used climate pro- 
jections for mid-century and for the year 2100 and imposed those climate conditions 
on current agricultural production systems under current world conditions (current 
technology, policies, prices, etc.). We argue that a better approach is to assess the 
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Fig. 2. Typical farming system in the study area. 


impacts of climate change in the future (e.g., 2050) under the likely conditions 
(socio-economic, political, and technological) of that future. There is clear evidence 
that technology and policies change over time. But, the future is uncertain and we 
cannot predict it. However, we can develop scenarios that allow us to assess agri- 
cultural production under different possible futures. Using information we already 
know (trends, policies, advances in technology, etc.), and feedback from stakehold- 
ers and experts, we can develop a set of alternative futures that follows specific 
pathways. 

To assess the climate change impact on future production systems, the likely 
future scenario of agricultural and socio-economic development needs to be devel- 
oped using scientific methods. For this purpose, a multidisciplinary team of scien- 
tists and key stakeholders developed Representative Agricultural Pathways (RAPs, 
Valdivia et al., 2015). The team constructed narratives for key drivers that describe 
the characteristics of a possible future world (e.g., future conditions for India in 
2050). These narratives were then shared with stakeholders and other experts (e.g., 
policy makers, technical advisors, extension agents, and other experts) to obtain 
feedback. This serves as a validation and consistency check for the narratives devel- 
oped by the team. 

The participants in these meetings were farmers, researchers, academicians, 
research managers, and district-level development officials. This process, where 
the team and the stakeholders jointly discuss and revise the RAP narratives, helps 
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Interactions with Stakeholders-Methodological approach 
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Fig. 3. The process of stakeholder co-development and co-analysis. 


stakeholders understand the modeling framework and also facilitates the under- 
standing of the results that are shared after the research is completed. Thus, the RAP 
development process helped in visualizing the likely pathways and scenarios for 
2050. 

This process of RAP development was scaled up from local to national level 
where stakeholders were required to think about how policies, technology, and socio- 
economic conditions will look in 2050. To do this, the participants discussed the 
current trends (e.g., increasing or decreasing) of key drivers (variables) and the 
magnitude of change with respect to current conditions (small, medium, and large) 
at the national level. The overall goal of RAP development was to visualize the 
future scenarios and come to a level of agreement and confidence that the pathway 
described is a possible future for this region. The whole process of RAP development 
is depicted in Fig. 3. 


Representative Agricultural Pathways 


Representative Agricultural Pathways (RAPs) provide an overall narrative descrip- 
tion of a plausible future development pathway, and also contain key variables with 
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qualitative storylines and quantitative trends, consistent with higher-level pathways 
(e.g., SSPs, global RAPs developed by the AgMIP Global Modeling Group). Prices, 
policy, and productivity trends should be consistent with the higher-level RAPs or 
scenarios that are available (SSPs, global RAPs, and CCAFS regional scenarios). 
RAPs are translated into one or more scenarios (parameterizations) for Trade-off 
Analysis Model for Multi-dimensional Impact Assessment (TOA-MD) and crop 
models. These scenarios represent a set of technology and management adaptations 
to climate change. These scenarios, developed for specific RAPs, will typically 
include changes in the types of crops or livestock produced and the way they are 
managed (e.g., use of fertilizers and improved crop cultivars). Procedures for RAP 
development are based on the step-wise process as described in Valdivia et al. (2015). 

The future trends in the agricultural production system were captured through 
two different development pathways. A RAP that represents a more sustainable 
development path and is termed Green India, while a RAP that represents a high but 
unsustainable growth path and is termed Grey India. These RAPs were developed 
by the regional research team (RRT) and shared with the stakeholders (see Box 1). 


Box 1: Representative Agricultural Pathways 


RAP 4 (Green India): Sustainable Cereals Production System in the IGP 
The government’s policy focus on infrastructure investment and strengthening 
of national and local institutions give fillip to better management of natural 
resources. The pace of growth in agricultural production is slow but sustain- 
able. The natural resource degradation slows down as farmers realize the impor- 
tance of long-term gains from efficient use of resources. Efficient use of on-farm 
resources also results in lower cost of production. Though the pace of mecha- 
nization is slow, technological innovations help in improving energy efficiency. 
Income disparities are low and farm labour finds gainful employment in the rural 
areas. The region becomes food secure on a sustainable basis. 


RAP 5 (Grey India): Challenges of Sustaining Cereals Productivity 

in the IGP 

The fertile tract of the IGP contributes significantly to national food security. 
Agriculture production is intensified to meet the food demand of the rising pop- 
ulation. This leads to exploitation of natural resources as investment for natural 
resource conservation and management declines. Fragmentation of land hold- 
ings and declining land productivity result in higher usage of costly farm inputs. 
Out-migration happens due to smaller land holdings and low farm incomes. Pol- 
icy initiatives in the form of input subsidies and crop insurance are aimed at 
compensating the farmers against market and climatic risks. 
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Table 1. RAP trends for Business as Usual (RAP 2), Green India (RAP 4), and Grey India (RAP 5) 
development scenarios. 


Direction and Magnitude 

Variable Business as Usual (RAP 2) Green India (RAP 4) Grey India (RAP 5) 
Soil degradation _— — _— 
Groundwater level =- — — > 
Input subsidies —> — > 
Price support A — — > 
Pest and disease —> —— — > 
Crop insurance — > — > 
Farm size — — ~ 
Cost of production =Z > = > 
Labour availability — —> —_—> 
Household size — N ~ 
Herd size "H — ~ 
Non-farm income — —— — 
Improved variety (adoption) — — > —> 
Legend 

No Small |Small to | Medium | Medium | Large | Small Small to | Medium | Medium | Large 

change | increase | medium | increase | to large | increase | decrease | medium | decrease | to large | decrease 

increase increase decrease decrease 

Direction 
Sain ea eee -7 a ai ii > a `~ xN 


The stakeholders’ interaction helped in finalizing a list of major biophysical, socio- 
economic, and technology variables with their direction and magnitude of change 
for the two development pathways (Table 1). 


Quantification of RAP Parameters 


Notwithstanding the divergence in the understanding of various stakeholders about 
the challenges facing the agriculture sector by mid-century, the following variables 
were identified through the RAP development process for use in TOA-MD simula- 
tions. The TOA-MD model is a unique simulation tool for multidimensional impact 
assessment that uses a statistical description of a heterogeneous farm population to 
simulate the adoption and impacts of a new technology or a change in environmental 
conditions Antle et al. (2014); Antle and Valdivia (2020). The trends in RAP param- 
eters identified for use in trade-off analysis for the two development pathways were 
parameterized as given in Table 2. 


Sustainable Development RAP (Green India) 


e Costs of crop production would decrease marginally (10%) as a result of the 
on-farm resource recycling and more sustainable use of natural resources. 
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Table 2. Quantification of RAP parameters for Green India (RAP4) and Grey India (RAP5) 
development scenarios. 


Green India (RAP4) Grey India (RAP5) 
Direction Magnitude of Value Used in Direction of Magnitude of Value Used in 
Parameters of Change Change(%) TOA-MD Change Change (%) TOA-MD 
Farm size Decrease 5 0.95 Decrease 20 0.80 
Household size Decrease 10 0.90 Decrease 20 0.80 
Cost of production Decrease 10 0.90 Increase 30 1.30 
Herd size Decrease 10 0.90 Decrease 30 0.70 
Non-farm income Increase 20 1.20 Increase 50 1.50 


e Farm size, herd size, and household size would also decline marginally by 5%, 
10%, and 10%, respectively. 

e Off-farm employment opportunities would lead to an increase of about 20% in 
non-farm income. 

e On the basis of district-level data on average milk productivity, livestock holding, 
and prevailing prices, it is estimated that a farmer with 1 hectare of land holding 
would get an income of about Rs. 40,000 per year from livestock (selling of milk). 

e Expert opinion and research estimates indicate that milk production is likely to 
decline by 10-20% due to climate change impact. For TOA-MD simulations, the 
decline in milk production is estimated to be 10%. 


Unsustainable Development, High Economic Growth RAP (Grey India) 


e Costs of crop production would increase by about 30% as a result of intensive use 
of natural resources for increasing the production. 

e Farm size, household size, and herd size would decline by 20%, 20%, and 30%, 
respectively. 

e Due to declining holding size and rapid expansion in other industries, the off-farm 
employment opportunities would result in an increase of about 50% in non-farm 
income. 

e Expert opinions and research estimates indicate that milk production is likely to 
decline by 10-20% due to climate change impact. For the TOA-MD simulations, 
the decline in milk production is estimated to be 10%. 


Following the AgMIP protocols, future yields of crops were simulated with 
multi-model (agricultural production systems simulator (APSIM) and decision sup- 
port system for agrotechnology transfer (DSSAT)) simulations using climate and 
farm management data. Secondary data on crop area and productivity, and yield and 
price trend growth factors were taken from International Model for Policy Analysis 
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Table 3. Price and Yield growth trend factors for rice, wheat, and livestock (from IMPACT 


model). 
Without Climate Change With Climate Change Price Trend 
for Sensitivity 
Crops/Activity Price Yield Price Yield Analysis 
Rice 1.097 1.214 1.348 Not needed 1.23 
Wheat 1.239 1.075 1.501 Not needed 1.21 
Livestock (milk) 1.21 1.21 1.23 1.21 1.01 


of Agricultural Commodities and Trade (IMPACT) (IFPRI-IMPACT model). The 
yield and price trend factors used for rice, wheat, and livestock (milk) are given in 
Table 3. The trend factor for livestock production was estimated to be 3.04 by the 
IMPACT model, but this study assumes that growth in milk productivity will be 
proportional to the growth in livestock prices. 

The current production system shows wide variation in management efficiency 
at farm level, as indicated by the simulated yields of rice which were 5426 kg/ha 
(APSIM) and 5568 kg/ha (DSSAT), as compared to the observed rice yield 
(4870 kg/ha). Similarly, the simulated yields of wheat were 4645 kg/ha (APSIM) 
and 4261 kg/ha (DSSAT) in comparison to the observed wheat yield (4011 kg/ha). 
The share of livestock production and crop activities (rice and wheat) is almost equal 
in the net farm returns from the current production system (Table 4). The compar- 
atively low share of farm returns from crop activities is due to small land holdings 
and less scope of bringing new agricultural land under cultivation. 


Potential adaptation packages 


The rice-wheat system is one of the predominant cropping systems followed in 
Meerut district (India). Rice is grown during kharif season (June—October) and 
wheat is cultivated during rabi season (November—April). The continuous growing 
of these crops along with imbalanced use of chemical fertilizers has deteriorated 
the soil health and the yield level has also reached a stagnant or declining stage. 
Moreover, the climate change and climate variability have aggravated the problem 
due to increases in maximum and minimum temperatures and the more frequent 
occurrence of untimely rainfall, which directly affect the rice-wheat yields. Since 
more than 95% of this district has irrigation facilities, there is negligible adverse 
effect of the frequent occurrence of drought on rice-wheat system productivity. 

As emerged from the discussion with various stakeholders in the region, it 
became evident that the farmers are resorting to late sowing of wheat in the months 
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Table 4. Parameters for existing farming system used in TOA-MD modeling. 


Farming System Parameters 


Sr. No. Parameter Unit Rice Wheat 
1 Yield kg/hectare 4870.1 4011.2 
2 Price Rs/kg 21.0 12.51 
3 Variable cost Rs/farm 17,120 15,728 
4 Net returns Rs/farm 10,364 6945 
5 SD of net returns Rs/farm 8707 9250.6 
6 Farm size Hectare 0.74 0.74 
7 CV — Farm size Percent 71.05 71.05 
9 Family size Number 5.0 5.0 
10 CV — Family size Percent 51.86 51.86 
11 Herd size (milking + dry) Number 2.10 2.10 
12 Herd size (milking only) Number 1.05 1.05 
13 Non-farm Income Rs/farm 23,289.5 23,289.5 
14 CV — Non-farm income Percent 276.35 276.35 
15 Historic yield average“ kg/hectare 4391 4063.4 
16 Survey year yield kg/hectare 4870.1 4011.2 
17 Yield normalization factor Number 0.9016 1.0130 


Note: * Historic rice yield data published for Meerut are about 2.6 t/ha in comparison 
to the observed yield of 4.8 t/ha at sample households. But the (old) published data 
did not capture the actual yield of high-yielding rice varieties which the farmers have 
adopted in recent times (last five to seven years). Hence, the yield normalization factor 
was estimated on the basis on average rice yield on the research experimental farm 
in the district which was 6.273 t/ha. Since there are yield gaps between experimental 
and farm conditions, it was assumed that average rice yield on sample farms in the 
last five years is 30% less than the experimental yield. 


of December and even in January, thereby exposing the crop to higher maximum 
temperature during the milky/dough growth stage, which affects the grain size result- 
ing in yield reduction. So, there is a need to adopt the normal sowing window 
(5th November-25th November) as one of the adaptation strategies for wheat to 
reduce the yield reduction. 

Similarly, the existing varieties used are susceptible to pests and diseases and 
several new high-yielding varieties have already been developed by different insti- 
tutions in the region. Thus, there is scope for adoption of the high-yielding varieties 
of both rice and wheat in this region. For developing a suitable adaptation strat- 
egy using AgMIP regional integrated assessment framework, important aspects of 
biophysical and socio-economic parameters representing the existing and future 
production environment were considered. 
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Farm Data Survey 


The farm survey (Singh and Subash, 2012) data used in this study relate to 76 rice— 
wheat growing farmers in Meerut district in Upper Gangetic Plains (UGP) of Uttar 
Pradesh, India. The climate data representing the climatic condition of sample farms 
were available from the local weather station. The APSIM and DSSAT models used 
for crop simulations were already calibrated using on-station data for the dominant 
crops. The study area has small land holdings and the average farm size on sample 
households was 0.74 ha with the proportion of rice and wheat areas being 0.39 
and 0.61, respectively. The observed yields of rice and wheat were 4870.1 and 
4011.2 kg/ha, respectively. The study site has well-developed infrastructure and 
excellent irrigation facilities with almost 99% net sown area being irrigated. 

The salient characteristics of existing farming system in the study area are 
summarized in Table 1. The average family size of the sample households 
was 6.32 (including children). Livestock (cow or buffalo) is raised mainly for 
milk purposes and the herd size (milch animals) is generally proportional to 
the land holding. However, a majority of the farmers, even with small land 
holdings, keep at least one milch animal (indigenous or crossbred cow and/or 
buffalo). 

The average number of milch animals (milking and dry animals) was 2.1 per 
farm. This study assumes that 50% of animals remain dry during the year. Thus, 
the actual herd size (animals with milk) used for the analysis was 1.05 animals 
per farm. Since the dry animals incur maintenance expenditure, the variable pro- 
duction cost of livestock per farm has been estimated for both milking and dry 
animals using secondary data. The acreage of wheat and rice is about 78,700 ha 
and 17,000 ha, respectively, in the district (District Handbook, 2015). The indi- 
cators for future production systems were estimated with the help of local and 
national RAPs and their parameterization with stakeholder involvement. Global 
trends in productivity of selected enterprises were available from the IMPACT 
model. 


Regional Integrated Assessment 


Core Question 1: What is the sensitivity of current agricultural production 
systems to climate change? 


The relative yield of rice for different GCMs and RCP scenarios (RCP 4.5 and RCP 
8.5) shows decline of yield (3%-10%) with APSIM (RCP 4.5) except for cool/dry 
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(relatively less warm with decreased precipitation compared to mean GCM trends) 
and cool/wet (relatively less warm with increased precipitation compared to mean 
GCM trends) GCMs (See Tables A.1—A.5 in Annex 1). With RCP 4.5 (DSSAT), 
rice yield shows marginal decline under all but one GCM (cool/dry). Since the study 
area is fully irrigated, dry weather conditions may not have an adverse effect on crop 
yields. With RCP 8.5, the rice yield under hot/dry GCM (relatively warmer with 
decreased precipitation) declines by 13% (APSIM), while 3% decline is shown with 
DSSAT. The wheat yield with RCP 4.5 and hot/dry GCM declines by 16% and 10% 
(APSIM and DSSAT), respectively. With RCP 8.5, wheat yield declines under all 
the GCMs but APSIM shows higher decline (6%-—19%) compared to DSSAT (7%— 
13%). On the basis of available empirical evidence on climate change impact on the 
livestock sector, it was assumed that milk yield is likely to decline by 10% under 
climate change. 

Overall, the net farm returns under different GCMs with RCP 4.5 would decline 
by 4%-11% and per capita income would decline by 3%-—7% (except for cool/dry 
GCM). As a result, the population poverty rates would increase by 1%-2%. With 
RCP 8.5, the decline in net farm returns is higher (5%—14%). Vulnerability assess- 
ment (gains, losses, net farm returns, per capita income, and poverty) of current 
production systems under RCP 4.5 and RCP 8.5 is presented in Tables A.6—A.7 
in Annex 1. Although the magnitude of decline in net farm returns and per 
capita income may look small, it will adversely affect a large proportion of farms 
(49%-74%). Therefore, it would be interesting to see whether some adaptation strat- 
egy would be useful to minimize the adverse impact of climate change on the current 
production system. 


Core Question 2: What are the benefits of adaptation in current 
agricultural systems? 


The Adaptation Package 


The empirical evidence shows a lot of uncertainty among the GCMs about future 
climate change projections, and its impact on crop productivity shows that there 
will be a reduction of 12% in rice yield and 24% in wheat yield in the 2050s. So, 
there is a need to incorporate site-specific adaptation strategies/packages to bring 
the rice—wheat yield to higher levels. However, it is essential to test the adaptation 
packages at the current climate. 

The following adaptation package was tested for the rice-wheat system under 
AgMIP regional integrated assessment framework: 
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e Advancement of wheat sowing by 10 days which is no later than the last day of 
the normal sowing window (Sth November—25th November), for all farmers. 
e Use of improved high-yielding rice and wheat cultivars. 


The adoption of adaptation strategy enhances rice yields by 6%—-14% (APSIM 
and DSSAT) and wheat yields by 11%—18% (APSIM and DSSAT). These changes 
in the production system result in 11%—14% increase in mean net farm returns and 
7%—87% increase in per capita income (APSIM and DSSAT), which result in 2%-3% 
decline in the population poverty rate (Table A.8 in Annex 1). The adoption rate for 
the tested adaptation strategy would be 57% (APSIM) to 62% (DSSAT). 


Core Question 3: What is the impact of climate change on future agricultural 
production systems? 


Visualizing the future agricultural production systems and assessing climate change 
impact on future systems are challenging tasks. RAPs describe plausible future 
socio-economic conditions and the state of the agricultural production system. This 
helps us to assess the likely impacts of climate change and adaptation under future 
conditions. 


Vulnerability of future production system with RAP 4 (Green India) 


Using RAP parameters and other estimates of productivity, and price trends from a 
global model (IMPACT model) for rice, wheat, and livestock (milk), the TOA-MD 
analysis shows interesting results for climate change impacts on future production 
systems if the sustainable development path (RAP 4) is adopted. In this scenario, 
the highest decline in rice and wheat yields, 5% and 14%, respectively, happens 
under hot/dry GCM. Though the gains in the mean net farm returns (15%—25%) are 
comparatively higher than the losses (15%—16%) under the five climate scenarios 
with RCP 4.5 (APSIM and DSSAT), a substantial proportion of households (33 %- 
51%) remain vulnerable to adverse impact of climate change (Tables A.9—A.12 in 
Annex 1). The proportion of vulnerable households is the highest (50%-51%) in 
hot/wet and hot/dry GCMs rendered in APSIM, and it is interesting to note that the 
net impact on mean returns is negative for these two GCMs with RAP 4. Overall, 
with marginal improvements in per capita income, the poverty rate declines up to 
-4% (Table A.9 in Annex 1). 


Vulnerability of future production system with RAP 5 (Grey India) 


Under RAP 5, the highest decline in the yields of rice (8%) and wheat (21%) is 
observed under hot/dry GCM. Though there are negligible increases in mean net farm 
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returns (up to 5%), hot/wet and hot/dry GCMs showed a decline in net farm returns 
(up to 2.6%). The increase in per capita income is very small and the poverty rate 
in the population increased up to 5%. Overall, 41%-51% farm households remain 
vulnerable to climate change if the production systems follow the unsustainable 
development pathway. 


Sensitivity analysis 


Generally, it is noted that yield decline due to climate change is more than compen- 
sated by the higher trend in future prices. Hence, sensitivity analysis was done using 
AgMIP RIA Version 7.0 protocols with RAP 4 & RAP 5. Under RAP 4 (Green India) 
with low prices, the mean net farm returns declined by 11%—16% under hot/wet and 
cool/dry GCMs. In fact, the net returns and per capita income declined across all 
the GCMs and the population poverty rate increased. About 53%-—80% of the popu- 
lation remained vulnerable to climate change. Under RAP 5 (Grey India), with low 
prices, the mean net farm returns declined by 36.5% in comparison to RAP 4. It is 
interesting to note that the proportion of vulnerable households under the high price 
scenario is comparatively lower than that in the low price scenario under the Green 
India Pathway. 

In the high price scenario, net gains are negative under the hot/wet and hot/dry 
GCMs. However, in the low price scenario, gains under all the five GCMs are 
negative. This means that even the high growth trajectory, under low price scenario, 
will not be able to contain negative impacts of climate change on farm returns, 
poverty, and per capita income. This will increase the vulnerability of a substantial 
proportion of population (42%-—68%) to climate change. In contrast, following the 
green path of development will minimize the adverse impacts of climate change. 


Core Question 4: What are the benefits of climate change adaptations? 


The adaptation strategy for future production system under climate change is to use 
improved and high yielding varieties of rice and wheat. This strategy would result in 
9%—-12% increase in net farm returns, about 6%—9% increase in per capita income, 
and 3%-4% decline in poverty (Tables A.13—A.16). About 53%-60% of the farm 
population would benefit by adopting the adaptation strategy. However, the levels 
of net farm returns under RAP 5 are lower (35%) in comparison to the net returns 
under RAP 4. 


Sensitivity analysis 


Under the low-price scenario in the Green India Pathway, the net farm returns 
increased by 9%-13%, per capita income increased by 6%-9%, and population 
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poverty rate declined by about 4%. The net farm returns in the Grey India Pathway 
(low price scenario) increased by 6%-12%, per capita income rose about 6%, and 
poverty declined by 2.2%. Thus, adaptation strategy for unsustainable development 
pathway (under the low price scenario) is less effective in comparison to that in 
the sustainable development pathway. Hence, the adaptation strategy under the sus- 
tainable development pathway (Green India) is the most beneficial to deal with the 
adverse climatic changes. 


Summary and Key Findings 


Climate change impacts are increasingly visible in South Asia, with greater vari- 
ability of the monsoon, noticeably a declining trend with more frequent deficit 
monsoons. There has also been an increase in the occurrence of extreme weather 
events, such as heat waves and intense precipitation, that affect agricultural 
production and thereby the food security and livelihoods of many small and 
marginal farmers, particularly in the more stress-prone regions of the central and 
eastern IGP. 

This study shows that, under current production systems, although the magnitude 
of decline in net farm returns and per capita income may look small, it will adversely 
affect a large proportion of farms (49%—74%). The adaptation strategy for the current 
production system enhances rice yields by 6%—14% (APSIM and DSSAT) and wheat 
yields by 11%-18% (APSIM and DSSAT). These changes in the production system 
result in 11%—14% increase in mean net farm returns and 7%-—8% increase in per 
capita income (APSIM and DSSAT), which result in 2%—3% decline in population 
poverty rate. Approximately 57%-62% of farms in the current production system 
would benefit from adoption of the adaptation strategy. 

The TOA-MD analysis shows that though the gains in the mean net farm returns 
(15%-25%) are comparatively higher than the losses (15%-16%) under the five 
climate scenarios, a substantial proportion of households (33%-51%) remain vul- 
nerable to the adverse impact of climate change even if sustainable development 
path (Green India) is adopted. The proportion of vulnerable households is the high- 
est (50%-51%) under hot/wet and hot/dry GCMs. The net impact on farm returns 
is negative for these two GCMs. 

The sensitivity analysis (low prices) shows that mean net farm returns and per 
capita income decline by 11%-16% and 8%-11%, respectively, under hot/wet and 
cool/dry GCMs, and 53%-—80% of the population remains vulnerable to climate 
change. The proportion of vulnerable households under the high price scenario is 
comparatively lower than the low price scenario (RAP 4). In comparison to the 
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sustainable pathway (Green India), the net farm returns are lower by 36.5% under 
the unsustainable development pathway (Grey India) under the low price scenario. 

Further, under the unsustainable growth pathway (Grey India), there are negli- 
gible increases in mean net farm returns (up to 5%) except for hot/wet and hot/dry 
GCMs, which show a decline in net farm returns (up to 2.6%). Overall, 41%-51% 
of farm households remain vulnerable to climate change under RAP 5. The price 
sensitivity analysis under the Grey India shows that mean net farm returns and per 
capita income are lower in the low price scenario in comparison to the high price 
scenario, and that net returns in this pathway are about 30% lower than those in the 
Green India Pathway. 

When prices are high, the net gains are negative only under hot/wet and hot/dry 
GCMs. But the sensitivity analysis shows that the net gains under all the five GCMs 
become negative under the low price scenario. This means that even the high growth 
trajectory, under low price scenario, will not be able to withstand negative impacts 
of climate change on farm returns, poverty, and per capita income. This will increase 
the vulnerability of a substantial proportion (42%-68%) of population to climate 
change. In contrast, the green development path will minimize the adverse impacts 
of climate change. 


Future Steps 


In this study, we have incorporated simulation of two important staple crops — rice 
and wheat — for integrated assessment. However, in order to get a more complete 
assessment, it is suggested that more crops, at least four to five major crops grown 
in this part of the region, should be incorporated. Similarly, we were only able to 
incorporate information about livestock through the economic analysis, whereas 
it would be better to model it directly because most of the small and marginal 
households have livestock as an integral part of their farming system. There is a need 
to make this study more meaningful by adopting an agro-ecological approach rather 
than a district-based approach. Similarly, in India, there is a lot of diversity in soil 
characteristics; hence, at least three to four major soil types and their characteristics 
should be included for simulation, so that more accurate and realistic assessment 
results can be drawn. 


Annex 1 
Table A.1. Relative yields of rice in current production systems under different GCMs for RCP 4.5 (APSIM and DSSAT). 
Relative Yields (RCP 4.5_APSIM) Relative Yields (RCP 4.5_DSSAT) 
Clim_Model Clim_Scenario Model_Name Mean SD CV Min-Value Max-Value Mean SD CV Min-Value Max-Value 
inmem4 Cool/dry GLXF 1.1046 0.0549 4.9703 1.0464 1.2026 1.0171 0.0045 0.4377 1.0016 1.0254 
IPSL-CMS5A-LR Hot/wet GMXF 0.9455 0.0768 8.1246 0.7958 1.0791 0.9858 0.0282 2.8605 0.9330 1.0445 
MPI-ESM-LR Hot/dry GQXF 0.9095 0.0514 5.6503 0.8570 1.0912 0.9712 0.0199 2.0505 0.9314 1.0341 
MRI-CGCM3 Cool/wet GSXF 1.0363 0.0297 2.8705 0.9665 1.1126 0.9937 0.0151 1.5180 0.9763 1.0433 
HadGEM2-AO Middle GYXF 0.9762 0.0409 4.1937 0.8807 1.0442 0.9752 0.0162 1.6620 0.9398 1.0236 
Table A.2. Relative yields of rice in current production systems under different GCMs for RCP 8.5 (APSIM and DSSAT). 
Relative Yields (RCP 8.5_APSIM) Relative Yields (RCP 8.5_DSSAT) 

Clim_Model Clim_Scenario Model Name Mean SD CV Min-Value Max-Value Mean SD CV Min-Value Max-Value 

ACCESS 1-0 Middle IAXF 0.9898 0.0348 3.5152 0.8893 1.0989 0.9873 0.0178 1.8077 0.9435 1.0403 

BNU-ESM Hot/wet ICXF 1.0037 0.0705 7.0249 0.8999 1.1270 1.0040 0.0114 1.1400 0.9702 1.0350 

MIROC-ESM Cool/dry IPXF 1.0471 0.0258 2.4625 0.9745 1.0850 1.0131 0.0119 1.1713 0.9799 1.0420 

MPI-ESM-LR Hot/dry IQXF 0.8796 0.0663 7.5436 0.8183 1.0934 0.9744 0.0164 1.6806 0.9320 1.0258 


MIROCS Cool/wet ITXF 1.0874 0.0400 3.6760 0.9607 1.1495 1.0106 0.0113 1.1168 0.9915 1.0450 
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Table A.3. Relative yields of wheat in current production systems under different GCMs for RCP 4.5 (APSIM and DSSAT). 


Relative Yields (RCP 4.5_APSIM) Relative Yields (RCP 4.5_DSSAT) 


Clim_Model Clim_Scenario Model_Name Mean SD CV Min-Value Max-Value Mean SD CV Min-Value Max-Value 


inmem4 Cool/dry GLXF 1.1150 0.0424 3.7987 1.0185 1.2395 0.9937 0.0222 2.2378 0.9397 1.0470 
IPSL-CMSA-LR Hot/wet GMXF 0.7767 0.0834 10.7391 0.6330 1.0600 0.9173 0.0913. 9.9577 0.6301 1.0468 
MPI-ESM-LR Hot/dry GQXF 0.8402 0.0411 4.8861 0.7958 1.0267 0.9086 0.0913 10.0439 0.6335 1.0544 
MRI-CGCM3 Cool/wet GSXF 0.9236 0.0556 6.0177 0.8589 1.1215 1.0012 0.0868 8.6675 0.8188 1.1303 


HadGEM2-AO Middle GYXF 0.9552 0.0324 3.3887 0.9176 1.1035 0.9639 0.0835 8.6630 0.7732 1.0867 


Table A.4. Relative yields of wheat in current production systems under different GCMs for RCP 8.5 (APSIM and DSSAT). 


Relative Yields (RCP 8.5_APSIM) Relative Yields (RCP 8.5_DSSAT) 


Clim_Model Clim_Scenario Model_Name Mean SD CV Min-Value Max-Value Mean SD CV Min-Value Max-Value 


ACCESS 1-0 Middle IAXF 0.9461 0.0770 8.1347 0.6787 1.3025 0.9357 0.0807 8.6268 0.7517 1.0633 
BNU-ESM Hot/wet ICXF 0.9078 0.2265 24.9522 0.6336 1.6919 0.9328 0.0933 10.0018 0.7076 1.0553 
MIROC-ESM Cool/dry IPXF 0.8402 0.0736 8.7623 0.7627 1.1286 0.9740 0.0845 8.6751 0.7498 1.0823 
MPI-ESM-LR Hot/dry IQXF 0.8187 0.2265 24.9522 0.6336 1.6919 0.8793 0.0857 9.7525 0.6339 1.0086 


MIROC5 Cool/wet ITXF 0.9142 0.0514 5.6210 0.8536 1.1174 0.9717 0.0804 8.2726 0.7725 1.0845 
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Table A.5. Relative yields of rice and wheat after adaptation in current production system. 


Relative Yield of Rice and Wheat with Adaptation Strategy 


Model_Name Crop_Name Mean SD CV Min-Value Max-Value 

APSIM Rice 1.0653 0.0092 0.8602 1.0519 1.1053 
Wheat 1.1196 0.0304 2.7141 1.0274 1.1625 

DSSAT Rice 1.1453 0.0381 3.3290 1.0818 1.2397 
Wheat 1.1851 0.0085 0.7192 1.1646 1.2042 


Table A.6. Vulnerability assessment of climate change impacts on current agricultural production systems (RCP 4.5). 


NR NR PCI PCI Poverty Poverty 
Climate % hh Gains Losses Net without with without with without without 
Model Scenario Strata vulnerable % % Impact (%) CC CC CC CC CC(%) CC(%) 


APSIM-L  Cool/dry 1 49.00 19.11 —18.67 0.43 36,263 36,476 11,995 12,038 82.31 82.02 
DSSAT-L Cool/dry 1 58.65 15.65 —19.09 —3.45 36,253 34,547 11,993 11,649 82.31 83.19 
APSIM-M_ Hot/wet 1 70.46 13.39 —21.81 —8.41 36,252 32,153 11,993 11,167 82.31 84.55 
DSSAT-M Hot/wet 1 62.54 14.79 —19.78 —4.99 36,252 33,790 11,993 11,497 82.31 83.62 
APSIM-Q Hot/dry 1 69.86 13.47 —21.59 —8.13 36,252 32,288 11,993 11,194 82.31 84.48 
DSSAT-Q Hot/dry 1 63.86 14.49 —20.00 —5.51 36,252 33,537 11,993 11,446 82.31 83.77 
APSIM-S_ — Cool/wet 1 60.82 15.05 —19.32 —4.27 36,252 34,141 11,993 11,568 82.31 83.45 
DSSAT-S Cool/wet 1 58.99 15.69 —19.30 —3.61 36,253 34,469 11,993 11,634 82.31 83.22 
APSIM-Y Middle 1 62.81 14.67 —19.75 —5.08 36,252 33,746 11,993 11,488 82.31 83.66 
DSSAT-Y Middle 1 61.45 15.05 —19.62 —4.56 36,252 33,999 11,993 11,539 82.31 83.49 


Hh = farm households; NR = mean net farm returns in Indian rupees (INR); CC = climate change; PCI = per capita income in Indian 
rupees (INR). 
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Table A.7. Vulnerability assessment of climate change impact on current agricultural production systems (RCP 8.5). 


Model 


APSIM-A 
DSSAT-A 
APSIM-C 
DSSAT-C 
APSIM-P 
DSSAT-P 

APSIM-Q 
DSSAT-Q 
APSIM-T 
DSSAT-T 


Model 


APSIM 
DSSAT 


NR NR PCI PCI 
Climate % hh Gains Losses Net without with without 
Scenario Strata vulnerable % % Impact (%) CC CC CC 
Cool/dry 1 66.59 14.01 —20.68 —6.67 36,252 32,978 11,993 11,333 
Cool/dry 1 61.64 15.00 —19.64 —4.63 36,252 33,964 11,993 11,532 
Hot/wet 1 65.25 14.20 —20.27 —6.08 36,252 33,261 11,993 11,390 
Hot/wet 1 60.94 15.12 —19.47 —4.35 36,253 34,103 11,993 11,560 
Hot/dry 1 67.14 13.98 —20.92 —6.94 36,252 32,850 11,993 11,308 
Hot/dry 1 59.36 15.49 —19.22 —3.73 36,253 34,410 11,993 11,622 
Cool/wet 1 74.36 13.25 —23.96 —10.71 36,252 31,120 11,993 10,959 
Cool/wet 1 64.44 14.37 —20.13 —5.75 36,252 33,419 11,993 11,422 
Middle 1 62.87 14.58 —19.65 —5.07 36,252 33,749 11,993 11,489 
Middle 1 59.09 15.60 —19.23 —3.63 36,253 34,456 11,993 11,631 
Table A.8. Benefits of adaptation in current production systems. 
Adoption NR without NR with PCI without PCI with Poverty without 
Strata Rate(%) Adaptation Adaptation Adaptation Adaptation Adaptation (%) 
1 57.46 36,264 40,440 11,995 12,836 82.30 
1 62.54 36,284 41,378 11,999 13,025 82.29 


Poverty Poverty 
with without without 
CC CC(%) CC(%) 


82.31 84.15 
82.31 83.51 
82.31 83.94 
82.31 83.44 
82.31 84.23 
82.31 83.27 
82.31 85.15 
82.31 83.83 
82.31 83.73 
82.31 83.23 
Poverty with 
Adaptation (%) 
80.01 
79.42 
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Table A.9. Impacts of climate change on future agricultural production systems under the Green India Pathway (RCP 4.5) — high price scenario. 


NR NR PCI PCI Poverty Poverty 


Climate % hh Gains Losses Net without with without with without without 
Model Scenario Strata vulnerable % % Impact (%) CC CC CC CC CC(%) CC(%) 
APSIM-L Cool/dry 1 33.24 24.55 —16.56 7.99 66,499 73,621 21,026 22,611 54.26 50.46 
3DSSAT-L Cool/dry 1 40.81 19.15  —15.50 3.65 66,405 69,722 21,005 21,743 54.29 52.48 
APSIM-M Hot/wet 1 51.29 15.30 —15.76 —0.46 66,396 65,979 21,003 20,910 54.30 54.50 
DSSAT-M Hot/wet 1 42.07 18.60 —15.50 3.10 66,403 69,222 21,004 21,632 54.29 52.75 
APSIM-Q Hot/dry 1 50.15 15.53 —15.58 —0.05 66,396 66,349 21,003 20,992 54.30 54.30 
DSSAT-Q Hot/dry 1 43.08 18.07 —15.42 2.65 66,400 68,814 21,004 21,541 54.29 52.96 
APSIM-S Cool/wet 1 40.71 18.72 —15.11 3.61 66,402 69,681 21,004 21,734 54.29 52.51 
DSSAT-S Cool/wet 1 39.10 20.23 —15.73 4.50 66,413 70,493 21,007 21,915 54.29 52.07 
APSIM-Y Middle 1 42.35 18.17 —15.24 2.93 66,400 69,064 21,004 21,597 54.29 52.83 
DSSAT-Y Middle 1 42.07 18.81 —15.68 3:13 66,404 69,253 21,005 21,639 54.29 52.73: 


Table A.10. Impacts of climate change on future agricultural production systems under the Green India Pathway (RCP 4.5) — low price scenario. 


NR NR PCI PCI Poverty Poverty 


Climate % hh Gains Losses Net without with without with without without 
Model Scenario Strata vulnerable % % Impact (%) CC CC CC CC CC(%) CC (%) 
APSIM-L Cool/dry 1 61.00 14.52 —18.72 —4.20 66,396 62,584 21,003 20,154 54.30 56.29 
DSSAT-L Cool/dry 1 71.73 11.73 —19.74 —8.02 66,395 59,211 21,003 19,403 54.30 58.21 
APSIM-M Hot/wet 1 80.08 10.24 —21.92 —11.68 66,395 56,134 21,003 18,718 54.30 59.99 
DSSAT-M Hot/wet 1 56.65 15.15 —17.64 —2.50 60,844 58,762 19,767 19,303 57.31 58.46 
APSIM-Q Hot/dry 1 64.45 13.57 —19.01 —5.43 60,843 56,338 19,767 18,764 57.31 59.87 
DSSAT-Q Hot/dry 1 57.80 14.86 —17.77 —2.92 60,843 58,412 19,767 19,226 57.31 58.67 
APSIM-S Cool/wet 1 55.05 15.40 —17.28 —1.89 60,844 59,268 19,767 19,416 57.31 58.19 
DSSAT-S Cool/wet 1 53.25 16.06 —17.30 —1.24 60,845 59,812 19,767 19,537 57.31 57.86 
APSIM-Y Middle 1 57.05 14.97 —17.60 —2.63 60,843 58,651 19,767 19,279 57.31 58.54 
DSSAT-Y Middle 1 56.71 15.19 —17.71 —2.53 60,844 58,737 19,767 192,98 57.31 58.47 
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Table A.11. Impacts of climate change on future agricultural production system under the Grey India Pathway (RCP 8.5) — high 
price scenario. 


Climate 


Strata 


% hh 
vulnerable 


Gains 
% 


Losses 
% 


Net 
Impact (%) 


NR 
without 
cc 


NR 
with 
cc 


PCI 
without 
CC 


PCI 
with 
cc 


Poverty 
without 
CC (%) 


Poverty 
without 
CC (%) 


Model Scenario 


APSIM-A Cool/dry 
DSSAT-A Cool/dry 
APSIM-C Hot/wet 
DSSAT-C Hot/wet 
APSIM-P Hot/dry 
DSSAT-P Hot/dry 
APSIM-Q Cool/wet 
DSSAT-Q Cool/wet 
APSIM-T Middle 


= = =e eee ee ee 


45.31 
43.90 
51.16 
43.65 
45.77 
40.90 
55.38 
45.64 
43.03 
41.56 


T711 
17.74 
15.47 
17.81 
17.01 
18.97 
14.26 
16.97 
17.88 
18.64 


—15.37 
—15.42 
— 15.88 
—15.40 
—15.44 
— 15.38 
—16.13 
—15.36 
—15.24 
—15.35 


1.74 
2.31 
—0.42 
2.41 
1.57 
3.58 
—1.87 
1.61 
2.64 
3.29 


46,863 
46,864 
46,861 
46,864 
46,862 
46,867 
46,861 
46,862 
46,864 
46,866 


47,983 
48,352 
46,594 
48,414 
47,872 
49,165 
45,657 
47,899 
48,561 
48,976 


20,554 
20,554 
20,553 
16,239 
20,554 
20,555 
20,553 
20,554 
20,554 
20,554 


20,835 
20,928 
20,486 
18,886 
20,807 
21,132 
20,251 
20,814 
20,980 
21,085 


54.24 
54.24 
54.24 
63.20 
54.24 
54.24 
54.24 
54.24 
54.24 
54.24 


53.69 
53.51 
54.35 
58.06 
53.74 
53.12 
54.81 
53.73 
53.41 
53.21 


DSSAT-T Middle 


Table A. 12. Impacts 


of climate change on future agricultural production system under the Grey India Pathway (RCP 8.5) — low price scenario. 


Climate 
Model Scenario 


Strata 


% hh 
vulnerable 


Gains 
% 


Losses 
% 


Net 
Impact (%) 


NR 
without 
CC 


NR 
with 
cc 


PCI 
without 
CC 


PCI 
with 
cc 


Poverty 
without 
CC (%) 


Poverty 
without 
CC (%) 


APSIM-A Cool/dry 


DSSAT-A Cool/dry 
APSIM-C Hot/wet 
DSSAT-C Hot/wet 
APSIM-P Hot/dry 
DSSAT-P Hot/dry 
APSIM-Q Cool/wet 
DSSAT-Q Cool/wet 
APSIM-T Middle 
DSSAT-T Middle 


1 
1 
1 
1 
1 
1 
1 
1 
1 
1 


58.83 
DOT 
64.07 
42.37 
59.03 
54.37 
67.86 
59.36 
56.24 
54.98 


14.42 
14.71 
13.49 
17.31 
14.40 
15.42 
12.88 
14.32 
14.95 
15.27 


—17.67 
— 17.50 
—18.72 
— 14.52 
— 17.73 
— 17.04 
—19.62 
—17.76 
=17.25 
—17.11 


=3.25 
—2.79 
=5.23 

2.78 
=3.33 
—1.62 
—6.74 
—3.44 
—2.30 
—1.84 


42,184 
42,184 
42,184 
42,185 
42,184 
42,184 
42,184 
42,184 
42,184 
42,184 


40,306 
40,571 
39,176 
43,796 
40,262 
41,246 
38,324 
40,194 
40,853 
41,118 


19,378 
19,378 
19,378 
19,378 
19,378 
19,378 
19,378 
19,378 
19,378 
19,378 


18,906 
18,973 
18,622 
19,783 
18,895 
19,142 
18,408 
18,878 
19,044 
19,110 


56.49 
56.49 
56.49 
56.48 
56.49 
56.49 
56.49 
56.49 
56.49 
56.49 


57.40 
S27 
57.96 
55.72 
57.42 
56.94 
58.38 
57.46 
57.13 
57.00 


hh = farm households; NR = mean net farm returns in Indian rupees (INR); CC = climate change; PCI = per capita income in Indian 


rupees (INR). 
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Table A.13. Benefits of adaptation in future agricultural production systems under the Green India Pathway (RCP 4.5) — high price scenario. 


Climate Adoption NR without NR with PCI without PCI with Poverty without Poverty with 
Model Scenario Strata Rate(%) Adaptation Adaptation Adaptation Adaptation Adaptation(%) Adaptation (%) 
APSIM-A — Cool/dry 1 53.4 73,633 81,014 22,614 24,257 50.45 46.81 
DSSAT-A Cool/dry 1 60.1 69,739 78,134 21,747 23,616 52.47 48.24 
APSIM-C Hot/wet 1 54.3 65,981 72,153 20,911 22,284 54.50 51.24 
DSSAT-C Hot/wet 1 60.0 69,239 77,548 21,636 23,486 52.74 48.54 
APSIM-P Hot/dry 1 54.3 66,351 72,522 20,993 22,367 54.30 51.05 
DSSAT-P Hot/dry 1 59.7 68,829 76,947 21,544 23,352 52.96 48.83 
APSIM-Q Cool/wet 1 54.1 69,686 76,329 21,735 23,214 52.51 49.10 
DSSAT-Q Cool/wet 1 59.6 70,513 78,988 21,919 23,806 52.06 47.83 
APSIM-T Middle 1 54.0 69,068 75,620 21,598 23,056 52.83 49.45 
DSSAT-T Middle 1 60.4 69,272 771,755 21,643 23,932 52.72 48.44 


NR = mean net farm returns in Indian rupees (INR); CC = climate change; PCI = per capita income in Indian rupees (INR). 


Table A.14. Benefits of adaptation in future agricultural production systems under the Green India Pathway (RCP 4.5) — low price scenario. 


Climate Adoption NR without NR with PCI without PCI with Poverty without Poverty with 
Model Scenario Strata Rate(%) Adaptation Adaptation Adaptation Adaptation Adaptation(%) Adaptation (%) 
APSIM-A — Cool/dry 1 53.4 62,587 68,935 20,155 21,568 56.29 52.91 
DSSAT-A Cool/dry 1 60.4 59,214 66,506 19,404 21,027 58.21 54.26 
APSIM-C Hot/wet 1 54.4 56,098 61,441 18,710 19,900 60.00 57.04 
DSSAT-C Hot/wet 1 60.2 58,775 65,962 19,306 20,906 58.46 54.56 
APSIM-P Hot/dry 1 54.4 56,328 61,653 18,762 19,947 59.88 56.93 
DSSAT-P Hot/dry 1 60.0 58,422 65,454 19,228 20,793 58.66 54.84 
APSIM-Q Cool/wet 1 54.2 59,270 65,009 19,416 20,694 58.19 55.06 
DSSAT-Q Cool/wet 1 59.9 59,829 67,171 19,541 21,175 57.85 53.90 
APSIM-T Middle 1 54.1 58,650 64,295 19,279 20,535 58.54 55.45 
DSSAT-T Middle 1 60.6 58,753 66,087 19,301 20,934 58.47 54.49 
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Table A.15. 


Model 


APSIM-A 
DSSAT-A 
APSIM-C 
DSSAT-C 
APSIM-P 
DSSAT-P 

APSIM-Q 
DSSAT-Q 
APSIM-T 
DSSAT-T 


Table A.16. 


Model 


APSIM-A 
DSSAT-A 
APSIM-C 
DSSAT-C 
APSIM-P 
DSSAT-P 

APSIM-Q 
DSSAT-Q 
APSIM-T 
DSSAT-T 


Benefits of adaptation in future agricultural production systems under the Grey India Pathway (RCP 8.5) — high price scenario. 


Climate 
Scenario 


Cool/dry 
Cool/dry 
Hot/wet 
Hot/wet 
Hot/dry 
Hot/dry 
Cool/wet 
Cool/wet 
Middle 
Middle 


1 
1 
1 
1 
1 
1 
1 
1 
1 
1 


Adoption NR without 


60.26 
57.40 
58.19 
57.27 
59.49 
57.56 
63.14 
56.83 
60.04 
74.70 


47,988 
48,356 
46,595 
48,418 
47,875 
49,171 
45,660 
47,903 
48,566 
48,994 


NR with 


53,470 
53,472 
51,427 
53,516 
53,146 
54,468 
51,174 
52,821 
54,091 
57,538 


PCI without 


20,836 
20,929 
20,486 
20,944 
20,808 
21,134 
20,251 
20,815 
20,982 
21,089 


PCI with Poverty without 
Strata Rate(%) Adaptation Adaptation Adaptation Adaptation Adaptation (%) 


22,214 
22,214 
21,701 
22,226 
22,133 
22,465 
21,637 
22,051 
22,370 
23,236 


53.68 
53.51 
54.35 
53.48 
53.74 
53.12 
54.80 
53.73 
53.41 
53.20 


Poverty with 
Adaptation (%) 


51.11 
51,11 
52.07 
51.09 
51:26 
50.65 
52.19 
51.41 
50.82 
49.24 


Benefits of adaptation in future agricultural production systems under the Green India Pathway (RCP 8.5) — low price scenario. 


Climate 


Cool/dry 
Cool/dry 
Hot/wet 
Hot/wet 
Hot/dry 
Hot/dry 
Cool/wet 
Cool/wet 
Middle 
Middle 


1 
1 
1 
1 
1 
1 
1 
1 
1 
1 


60.0 
Xe 
58.0 
42.9 
59.2 
57.8 
63.1 
57.1 
59.8 
58.0 


Adoption NR without 


40,307 
40,572 
39,171 
43,802 
40,262 
41,255 
38,316 
40,193 
40,856 
41121 


NR with 


44,896 
44,928 
43,235 
46,529 
44,687 
45,765 
42,954 
44,380 
45,490 
45625 


PCI without 


18,906 
18,973 
18,621 
19,785 
18,895 
19,145 
18,406 
18,878 
19,044 
19111 


20,059 
20,067 
19,642 
20,470 
20,007 
20,278 
19,571 
19,930 
20,209 
20243 


PCI with Poverty without 
Scenario Strata Rate(%) Adaptation Adaptation Adaptation Adaptation Adaptation (%) 


57.40 
S727 
57.96 
55.12 
57.42 
56.93 
58.38 
57.46 
57.13 
57.00 


Poverty with 
Adaptation (%) 


535.19 
55.17 
55.99 
54.41 
55.29 
54.77 
56.13 
55.44 
54.90 
54.83 


NR = mean net farm returns in Indian rupees (INR); CC = climate change; PCI = per capita income in Indian rupees (INR). 
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Introduction 


The monsoonal rains display a large amount of internal variability and also exhibit 
variation with external climatic forcings, such as the El Nifio Southern Oscillation 
(Turner and Annamalai, 2012) and the Madden—Julian Oscillation (Turner and 
Annamalai, 2012). In addition, there is much concern about how this already vari- 
able system might change with climate change and how the latter might impact 
agricultural communities which are subject to extreme storms and weather events. 
Regional projections suggest increased temperatures, along with increased rainfall, 
although much uncertainty exists in how the system’s variability will change (Turner 
and Annamalai, 2012). Much of the region’s agriculture is rainfed and the timing of 
the monsoon rains is important to achieving optimal crop growth, so understanding 
how climate change may impact the system is critical to future agricultural planning 
and management. Indeed, those irrigated systems that rely on surface water stores 
are also indirectly dependent on the monsoon rains, which supply these stores and 
contribute recharge to other water supplies. Water availability and use efficiency 
are also limited in part by fluctuations in temperature, which are further subject to 
change under warmer climatic conditions (Mall et al., 2006). 
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Geography of Tamil Nadu 


Tamil Nadu is one of the 29 states in India, situated in the southernmost part of the 
country, bordered by the union territory of Puducherry and the South Indian states 
of Kerala, Karnataka, and Andhra Pradesh. It is bounded by the Eastern Ghats on 
the north, by the Nilgiri, the Anamalai Hills, and Kerala on the west, by the Bay of 
Bengal in the east, by the Gulf of Mannar and the Palk Strait on the southeast, and 
by the Indian Ocean on the south. 

Trichy district, also known as Tiruchirappalli, is located centrally in Tamil Nadu, 
surrounded by Perambalur district in the north, Pudukkottai district in the south, 
Karur and Dindigul districts in the west, and Thanjavur district in the east. It lies 
between 10°10’ and 11°20’ latitude and 78°10’ and 79°0’ longitude in the central part 
of Tamil Nadu. It has a geographical area of 440.383 thousand ha, of which the net 
cropped area is 185.193 thousand ha — about 102.799 thousand ha are irrigated and 
82.394 thousand ha are rainfed. The River Cauvery irrigates about 51,000 thousand 
ha in Trichy, Lalgudi, and Musiri divisions. The general slope of the district is 
towards the east. It has a number of detached hills, among which Pachamalai Hill 
is an important one, which has a peak up to 1015 m, located at Sengattupatti Rain 
Forest. The normal annual rainfall is 842 mm (See Fig. 1). 
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Fig. 1. Location of the study area. 
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Issues related to agriculture sector 


Agriculture provides the major source of income to the population of the district. 
The major crops are paddy, sorghum, cotton, groundnut, and maize. In addition, 
dairy, sheep, and goats, and inland fishing contribute to the district’s economy and 
act as a major source of livelihood for improving the income and standard of living 
of the people. The major challenges are the large number of resource-poor farmers, 
fragmentation of holdings, dependence on monsoon rain, and low productivity due to 
saline and alkaline soils. Low adoption of optimum seed rates and lack of awareness 
of new technologies are the other challenges (NADP, 2008). 

In Tiruchirappalli district, a deceleration in agricultural growth has been observed 
for the past 10 years. However, it is not uniform and there are regions within the dis- 
trict that still hold promise for stimulating growth. The sharp erosion of total factor 
productivity in agriculture in Tiruchirappalli district has been attributed to multiple 
factors relating to technology fatigue, reduction in soil availability, decline in fertil- 
izer response rate, depletion of capital stock, and agro-climatic aberrations owing to 
the frequent occurrence of drought and prevalence of hot climatic conditions. Prob- 
lems faced in the irrigation system have culminated in stress on water resources, 
falling water-use efficiency, lack of timely availability of water, and increasing cost 
of irrigation. These factors are the consequence of falling investment in agriculture 
and depreciation of capital stock in irrigation, besides the lack of awareness in 
farming communities of the need for conservation of natural resources and sustain- 
able agriculture (NADP, 2008). 


Data and Methods of Study 


Representative climate scenarios were selected for Trichy based on the methods 
described by Ruane et al. (2015) and Ruane and McDermid (2017). Five global 
climate models for representative concentration pathway (RCP) 4.5 and RCP 8.5 
(low and high emission pathways) were used to understand projected changes in 
future climatic conditions, based on the crop growing season. Two dynamic crop 
simulation models were driven with the climate model-generated climatic conditions 
to assess the impact of climate change and the adaptation options on current and 
future farming systems. Information was obtained through surveys on the specific 
management practices and activities across the farms. 


Climate data and scenarios 


For the study location at Trichy, 30 years of observed daily weather (1980-2010) 
were obtained from the agrometeorological observatory of Anbil Dharmalingam 
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Agricultural College and Research Institute, Tamil Nadu Agricultural University 
(TNAU). Trichy is located at 10.75°N latitude and 78.60°E longitude at an altitude 
of 85m above mean sea level. The observed baseline data from the study location 
serve as the basic input for future scenario creation. 


Crop modeling 


The crop simulation models agricultural production systems simulator (APSIM) and 
decision support system for agrotechnology transfer (DSSAT) were employed for 
simulating the maize and rice crop yields. Calibration of the crop simulation models 
was based on field experiments conducted at TNAU. We checked the efficacy of 
the crop models in capturing the heterogeneity of farms using the survey data. 
Crop simulation models require data on climate, soil profiles, crop varieties, and 
crop management. Long-term data of the study region were collected from Anbil 
Dharmalingam Agricultural College and Research Institute, TNAU, farmer surveys, 
Department of Agriculture, and scientific experts. 


Crop model input data 
Weather data 


Crop models require the daily sum of radiation (MJ m~? day~'), minimum and 
maximum air temperatures (°C), and the daily precipitation (mm). These daily 
weather data were collected from high-quality observation stations. The station 
data were used to create tailored weather series for all 210 farms (rice — 70; maize 
— 70; maize + rice — 70). These time series were then used to create weather files 
for use with the crop simulation models. 


Soil information 


The Trichy district has three major soils, viz., sandy clay loam, clay, and clay loam. 
The soil inputs in the crop models describe the physical, chemical, and morpholog- 
ical properties of the soil surface and each soil layer within the root zone. The soil 
samples were collected from soil profiles and the soil physical and chemical char- 
acteristics were described by layer. The survey sites were analyzed using the soil 
testing laboratory Anbil Dharmalingam Agricultural College and Research Institute 
(ADAC & RI) at TNAU and the Soil Testing Laboratory of Agriculture Department 
and the Remote Sensing Unit operating in TNAU. 


Cultivar 


Genetic coefficients of the maize cultivars NK6240 and ADT43 were derived using 
the data obtained from the field experiments conducted by TNAU. 
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Crop management data 


Crop management parameters used in setting up simulations for individual farms 
were derived from the results of the socio-economic survey conducted in the study 
region. For this purpose, 70 rice farms, 70 maize farms, and 70 maize + rice farm 
surveys were conducted. The survey captured the variety used, date planted, planting 
geometry, and fertilizer applied. While setting up the crop model for individual 
farmers, we used the actual amounts of nitrogen fertilizer applied by them and the 
time of application as they reported. As far as irrigation is concerned, farmers and 
extension officials from the survey area described the irrigation application interval 
and amount of irrigation for maize. Irrigation was applied to rice in the crop model 
whenever the flooded water level attained the specified level. 


CO», temperature, water, and nitrogen sensitivity analysis 


The responses of the crop models to COz, temperature, water, and nitrogen (CTWN) 
were tested through sensitivity analysis. These results are useful for assessing cli- 
mate change impacts on crops. Crop model simulations for the CTWN tests were 
performed based on the AgMIP protocol, for maize and rice, using both the APSIM 
and DSSAT models. 

The sensitivity of the rice and maize crop models (APSIM and DSSAT) to 
changes in carbon, temperature, water, and nitrogen was assessed with 32 combina- 
tions. These included five CO, concentrations (360, 450, 540, 630, and 720 ppm) at 
30 and 180 kg ha! nitrogenous fertilizer, six levels of temperature (maximum and 
minimum) changes (—2°C, 0°C, 2°C, 4°C, 6°C, and 8°C), eight levels of change in 
rainfall quantity (25%, 50%, 75%, 100%, 125%, 150%, 175%, and 200%), and eight 
levels of nitrogenous fertilizer (0, 30, 60, 90, 120, 150, 180, and 210 Kg ha7!) under 
the baseline (1980-2010) climatic conditions for the representative maize cropping 
system. 


Results 


Baseline climate of Trichy 


Weather parameters of Trichy region were analyzed for the base period from 1980 
to 2010 to understand its climatology (Fig. 2). Annual average rainfall of Trichy is 
found to be 766mm received in 46 rainy days. Among the monsoons, the northeast 
monsoon (NEM) had a higher amount of rainfall (412mm received in 21 rainy 
days) followed by the southwest monsoon (SWM) (196mm of rainfall received 
in 14 rainy days). The SWM shows less variability than the NEM. However, the 
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Fig. 2. Baseline (1980-2010) rainfall and rainy days in Trichy. 


quantity of rainfall received in the SWM is not sufficient for crop production, while 
the NEM receives enough rainfall for raising crops successfully. 

To understand the observed climate variability, trend analysis was performed 
and the results are presented in Fig. 3. Precipitation during both the SWM and the 
NEM shows an increasing trend, though the r square is not significant, thus annual 
precipitation also reflects the same. Similar to the trend of precipitation, minimum 
temperature also shows a rising trend during both the monsoon seasons. 


Climate projections 


The baseline climate data were utilized in generating future climate scenarios. To rep- 
resent the uncertainty in the climate projections, five climate models out of the 29 were 
selected according to the AgMIP protocol. The absolute change in temperature was 
plotted on the horizontal axis, while the percent change in precipitation was plotted on 
the vertical axis. In rainfall, 100% indicates no change, 80% indicates —20% change, 
and 120% indicates +20% change in the future compared to baseline rainfall. 

The box on the top left of the plot represents models that project higher percent 
increase in precipitation with lesser increase in temperature among the 29 models 
and thus are termed “cool/wet’. In the same way, the box on the top right of the 
plot represents models that project higher percent increase in precipitation also with 
higher increase in temperature, termed “hot/wet’. The box on the bottom left projects 
lesser percent increase in precipitation with lower temperature rise and is termed 
“cool/dry”. The box on the bottom right has climate models that project higher 
increase in temperature and lesser percent increase in precipitation and is thus termed 
“hot/dry”. The central box is a one standard deviation box, containing climate models 
that have changes in temperature and precipitation within one standard deviation 
from the average values of all the 29 models in this ensemble. The ensemble values of 
each of the boxes are represented by a dot, while the climate models were represented 
with their notations (alphabets and numerals). Representative climate models were 
selected in each box around the ensemble average. 
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(a) Observed Trend of Annual Rainfall (b) Observed Trend of Annual Tmin 
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Fig. 3. Observed rainfall and minimum temperature trend in Trichy for the baseline (1980-2010). 


The climate models selected represent the corresponding respective quadrant 
and span the variability among the climate change projections. The scatterplots 
customized to represent climate models with their magnitude of future change for 
Trichy with reference to the mid-century are shown in Fig. 4. The climate models 
selected are presented in Table A.1 in the Appendix. 

Based on the crop sowing period and major growing phases, the months selected 
for the maize crop are June through September; for the rice crop, October through 
December; and for the maize—rice cropping system, June through December. 
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(a) Median Quartile Distribution of Temperature Median Quartile Distribution of Temperature 
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(b) Median Quartile Distribution of Temperature Median Quartile Distribution of Temperature 
and Precipitation Change (RCP8.5) and Precipitation Change (RCP8.5) 
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(c) Median Quartile Distribution of Temperature Median Quartile Distribution of Temperature 
and Precipitation Change (RCP4.5) and Precipitation Change (RCP8.5) 
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Fig. 4. (a) Median quartile distribution of GCM temperature and precipitation change of RCP 4.5 
for SWM and NEM seasons over Trichy (a); RCP 8.5 for SWM and NEM seasons over Trichy (b); 
RCP 4.5 and RCP 8.5 for June through December (c). 
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Fig. 5. (a) Monthly and seasonal changes in rainfall and temperature over Trichy for the selected 
representative GCMs for RCPs 4.5 and 8.5 for June through September (SWM period); and (b) monthly 
and seasonal changes in rainfall and temperature over Trichy for the selected representative GCMs 
for RCPs 4.5 and 8.5 for October through December (NEM period). 


The monthly and seasonal changes in weather parameters were extracted for the 
selected representative global climate models (GCMs) for RCPs 4.5 and 8.5 for 
June through September (SWM period) and for October through December (NEM 
period) (Fig. 5). 

Monthly and seasonal changes in rainfall and temperature over Trichy for maize, 
rice, and maize + rice seasons are presented in Table A.2 in the Appendix. 

Overall, temperature is expected to increase up to 4.4°C and rainfall is expected 
to vary between a reduction of 14% to an increase of 111% in the region. The 
magnitude varies for different crop periods. 
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Calibration of the APSIM and DSSAT Models 


Maize 


The crop simulation models, viz., APSIM and DSSAT, were calibrated for the maize 
cultivar NK6240 using field experimental data carried out at TNAU, Coimbatore. 
Calibration data were from six sowing date experiments (26/03/2012, 15/05/2012, 
09/07/2012, 04/06/2013, 30/07/2013, and 20/03/2013). 

Input details required by the crop simulation models, including site informa- 
tion, soil properties, initial conditions, planting time, irrigation management (dates, 
amounts, and schedule), and fertilizer management (dates, amounts, sources, method 
of incorporation, and depth of placement), were obtained from the field experiments. 
Daily weather data on solar radiation, maximum and minimum air temperatures, 
and rainfall were collected from the TNAU observatory. The crop models were cal- 
ibrated by comparing simulated outcomes with the available measured data on days 
to flowering, maturity, and grain yield at harvest. 

The genetic coefficients that influence the occurrence of developmental stages in 
the crop models were derived iteratively, by manipulating the relevant coefficients to 
achieve the best possible match between the simulated and observed number of days 
to the phenological events and grain yield. Simulations with final set of parameters 
by both the models indicated a good relationship between observed and simulated 
days to flowering, days to maturity, and yield (Fig. 6). 

The calibrated genetic parameters of maize cultivars used in the DSSAT and 
APSIM are given in Table A.3 in the Appendix. The calibration efficiency has been 
tested by statistical measures, such as root mean square error (RMSE) and coefficient 
of determination (R?), and the results are presented in Table A.4 in the Appendix. 

There was agreement between observed and DSSAT model-simulated data. 
RMSE values for phenological stages are found to be between 1.53 and 2.19 indi- 
cating good match between simulated and observed values. RMSE for yield is found 
to be within the acceptable limit (240) as reported in the study conducted by Malik 
et al. (2019). 

The results of APSIM calibration for NK6240 gave high R values (0.87, 0.73, 
and 0.65 for days to anthesis, physiological maturity, and yield, respectively) and 
low RMSE values (2.41, 2.41, and 238 for days to anthesis, physiological maturity, 
and yield, respectively), indicating good agreement between observed and simulated 
values. 


Rice 


Crop simulation models, viz., APSIM and DSSAT, were calibrated for the rice cul- 
tivar ADT 43 using field experimental data carried out at TNAU, Coimbatore. 
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Fig. 6. The DSSAT and APSIM model predictions of days to flowering, maturity, and yield for maize 
cultivar NK6240 compared with observed values. 


Data were collected from six sowing date experiments (25/06/2012, 10/07/2012, 
20/07/2012, 30/07/2012, 25/06/2013, and 10/07/2013) was used in crop simulation 
models for calibration of rice cultivar ADT43. Simulated outcomes were compared 
with the available measured data on days to anthesis, days to maturity, and grain 
yield at harvest (Fig. 7). Simulations with final set of parameters by both the mod- 
els indicated good relationship between observed and simulated values for all the 
parameters studied. 

The calibrated genetic parameters of rice cultivar used in the DSSAT and APSIM 
are given in Table A.5 in the Appendix. The calibration efficiency has been tested 
by statistical measures and the results are presented in Table A.6 in the Appendix. 
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Fig. 7. The DSSAT and APSIM model predictions of days to anthesis, days to maturity, and yield at 
harvest for rice ADT43 compared with observed values. 


The rice model statistics of DSSAT for ADT43 indicated that the R? values 
are 0.66, 0.81, 0.64, and 0.82 for days to panicle initiation, anthesis, physiological 
maturity, and yield, respectively, which indicate good agreement between observed 
and model-simulated data. RMSE values for the phenological stages are found to 
be between 1.96 and 2.68, also indicating a good match between simulated and 
observed values. RMSE for yield is found to be within the acceptable limit (357) 
(Amiri et al., 2014). 

The results of APSIM rice calibration for ADT43 gave high R? values (0.71, 
0.66, 0.59, and 0.69 for days to panicle initiation, anthesis, physiological matu- 
rity, and yield, respectively) and low RMSE values (2.68, 3.56, 2.58, and 104 for 


Assessment of Impacts of Climate Change on the Maize—Rice Farming System in Trichy, India 


369 


days to panicle initiation, anthesis, physiological maturity, and yield, respectively), 
indicating good agreement between observed and simulated values. 


Crop model’s sensitivity: Carbon—temperature—water-nitrogen 
(CTWN) analysis 


Both APSIM and DSSAT responded to the water, nitrogen, CO, and temperature 
sensitivity tests in similar ways. The main difference is the magnitude of response 
to temperature changes that was high in DSSAT compared to APSIM. 


Maize and rice responses to changes in C O2 at 30 and 180 kg N ha7! 


Maize 


APSIM and DSSAT sensitivity simulations indicated that maize crop does not 
respond to changes in CO; concentration at 30 kg N ha~!. However, both the crop 
models indicated at 180kg Nha™!, a modest increase in simulated yield with 
increase in CO; levels (Fig. 8). At 30 kg N ha~!, DSSAT simulated a slightly higher 
yield than APSIM, while at 180kgNha~! APSIM simulated higher yield than 
DSSAT for the changes in CO, concentration (Fig. 8). 
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Rice 

At 30KgNha7!, DSSAT simulated lower rice yield compared to APSIM at all 
CO, levels. Both APSIM and DSSAT showed increase in yield with increased 
CO, concentration from 360 to 720 ppm. However, the magnitude of yield increase 
is less with DSSAT compared to APSIM. APSIM and DSSAT simulations indi- 
cated that increased CO, concentrations at 180 kg N ha! nitrogen enhanced rice 


yield. Rice yield increased to a greater extent with increased CO concentrations at 
180 kg Nha! (Fig. 8). 


Response of maize and rice to nitrogen levels 


Maize 


The APSIM and DSSAT model simulations showed a sharp increase in maize 
grain yield when the nitrogen was increased from zero to 120 Kgha™! and fur- 
ther maize grain yield slightly increased at 150 Kgha~' N with APSIM, while no 
further increase was shown by DSSAT. Above 150 kg N ha~!, APSIM yield response 
leveled off (Fig. 9). 


Rice 

In the APSIM simulations, increased levels of nitrogen application boosted rice 
yields, up to 120kgha™! of nitrogen application. The DSSAT simulations also 
showed a steep increase in rice yield up to 90 kg ha! of nitrogen application, above 
which the yield was stable (Fig. 9). APSIM simulates its maize yield plateau at 


150 kg Nha! (above 120 kg Nha7'), but DSSAT-simulated yield reached its high- 
est yield at 120 kg N ha™!. 


Response of maize and rice to rainfall changes 
Maize 


In the APSIM and DSSAT simulations, maize grain yield is lower with no change 
in rainfall compared to an increase in rainfall by 25%-100%. Above a 100% 
increase in rainfall did not affect maize yield and the yield increases stagnated 
(Fig. 10). 


Rice 
Both the APSIM and DSSAT crop model simulations showed minimal changes in 


rice yield with an increase in rainfall quantity. Since rice is grown under flooded 
conditions, rainfall does not influence the productivity (Fig. 10). 
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Fig. 9. Responses to nitrogen levels for (a) maize and (b) rice. 


Response of maize and rice to temperature changes 


Maize 


Maize crop was affected negatively with increase in temperature. Both APSIM and 
DSSAT simulated lower yields for temperature increases. DSSAT is much sensitive 
to temperature increases compared to APSIM (Fig. 11). 


Rice 
APSIM and DSSAT results clearly depicted that rice yields declined significantly 


with temperature increases, producing half the yield at 4°C increase and crop failure 
at 8°C increase (Fig. 11). Both APSIM and DSSAT showed similar decreasing 
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Fig. 10. Response to changes in rainfall for (a) maize and (b) rice. 


trend in yield with increase in temperature. However, DSSAT simulated lower yield 
compared to APSIM with increased temperature, i.e., DSSAT is more sensitive to 
both decrease and increase in temperature than APSIM. 


Historical simulation: Evaluating the performance of 
crop simulation models 


Calibrated DSSAT and APSIM models were forced with the survey year weather 
data (2014—2015) for the 70 farmers for each cropping system, such as maize, rice, 
and maize + rice, using inputs from the farm socio-economic survey, such as variety, 
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Fig. 11. Response to changes in temperature for (a) maize and (b) rice. 


planting date, plant geometry, and fertilizer application. The crop models were set 
up for 210 farmers using AgMIP tools (e.g., DOME, ADA tool, QUAD UD). 


Data overlay for multi-model export 


Data overlay for multi-model export (DOME) is a collection of farm field overlay 
files, management data files, seasonal strategy files, linkage files, and climate batch 
files. These files contain all the information required to run crop models. The DOME 
data will be merged with archived site data and provided to the data translators (Quad 
UD, which will then produce model-ready crop model input files. 


374 G. Vellingiri et al. 


~ 
v 
cs 
=> 
T 
wa 


2 1.00 2 1.00 
= 0.90 — Observed = o0 — Observed 
ire} uat —DssAT ‘3 im —DSSAT 
S 0.70 = APSIM Ps 0.70 = APSIM 
3° 3 ° 
oa 0.60 oa 0.60 5 
8 0.50 8 0.50 
= 0.40 c 0.40 5 
3 0.30 3 0.30 
2 0.20 8 0.20 
>< 0.10 x 010] 
w 0.00 + u 0.00 * 
0 2000 4000 6000 8000 10000 0 1000 2000 3000 4000 5000 6000 
Maize Yield (kg/ha) Rice Yield (kg/ha) 


Fig. 12. Relationship between simulated farmer’s yields and reported survey yields for 2014-2015 
cropping season for maize and rice. 


ADA tool 


AgMIP data assistant (ADA) tool is the tool used for converting the DOME files 
into the .csv format and archiving the files. These .csv files will be further imported 
to the Quad UI for generating the input files in the crop model compatible format. 


QUAD UI 


Quad UI is a simple desktop application for translating the crop modeling data 
to model-ready formats for multiple crop models. Currently, the application reads 
weather, soil, and field management information in the DSSAT format. All the 
AgMIP tools require input files in the .csv format or files compressed in the .zip for- 
mat. DSSAT and APSIM maize and rice crop yields for the survey year (2014-2015) 
were compared with the actual observed yields (Fig. 12). 


Baseline (CM1) yield simulation 


Simulated grain yields of maize and rice are presented in Fig. 13. Results showed 
that there is heterogeneity among the farm baseline yield, which can be attributed 
to differences in sowing date, amount of fertilizer applied, soil type, and variation 
in adopting other crop management practices. 


e Maize yield in maize-alone farms: Baseline irrigated maize yield simulations 
varied among the farms. APSIM-simulated yield ranged between 5423 and 
8596 kg ha~', with an average productivity of 6592 kg ha~'; DSSAT-simulated 
yield ranged from 5697 to 7192, with an average of 6513 kg ha™!. 

e Rice yield in rice-alone farms: APSIM-simulated yield varied between 
3782 kgha~! and 5558 kg ha™!, with an average productivity of 4722 kg ha7!; 
DSSAT-simulated yield ranged from 3831 to 5132, with an average yield of 
4567 kg ha™!. 
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Fig. 13. Baseline yield of maize and rice crops. 


e Maize yield in maize + rice farms: APSIM-simulated yield ranged 
between 6279 and 8624 kg ha™!, with an average productivity of 7255 kg ha™!; 
DSSAT-simulated yield ranged from 5405 to 7337, with an average of 
6761 kg ha™!. 

e Rice yield in maize + rice farms: APSIM-simulated yield ranged between 
4247kg ha™! and 5484kg ha™!, with an average productivity of 4963 kg ha™!; 

DSSAT-simulated yield ranged from 3778 to 5658, with an average of 

4362 kg ha™!. 


Simulation of impacts of future climate on maize and rice productivity 


The DSSAT and APSIM models were then forced with future projected climate 
scenarios of RCP 4.5 and RCP 8.5 for the mid-century time slice, generated from the 
selected five GCMs for the same 210 farmers by keeping all other model parameters 
constant (variety, soil, management practices, sowing time, and population). This 
simulates the impact of future climate on the grain yield of irrigated maize and rice 
under current growing seasons. 
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Fig. 14. Projected relative maize yield change ratio (climate change ratio) of APSIM and DSSAT for 
the future climate scenarios. 


Maize 


In the future, irrigated maize productivity is expected to decline under the hot-dry 
conditions compared to other climatic conditions in Trichy district in both RCP 4.5 
and 8.5 scenarios. The decline is greater in RCP 8.5 than in RCP 4.5. In cool-dry 
and cool-wet conditions, APSIM showed no effects due to change in climate based 
on RCP 4.5 and 8.5 scenarios, whereas DSSAT showed a small reduction in maize 
yield. The DSSAT simulation showed more reduction in maize yield than the APSIM 
simulation under changing climate (Fig. 14). 

The climate change ratio for maize (future/baseline) is presented in Table 1. The 
APSIM and DSSAT simulations showed a greater reduction in maize yield (in the 
NEM) under hot-wet and hot-dry climatic conditions for RCP 4.5 and 8.5 scenarios. 
This reduction might be associated with the expected temperature that are higher 
under hot-wet (2°C and 4°C) and hot-dry (1.9°C and 4.1°C) climatic conditions 
over cool-wet and cool-dry conditions (< 1.4°C and < 2°C) for RCP 4.5 and 8.5 
scenarios. As noted from the sensitivity (CTWN) analysis, temperature increase 
affected maize productivity negatively, although APSIM showed less response for 
increased temperature than DSSAT. 
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Table 1. Climate change ratio for maize. 
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Fig. 15. Percent change in future maize yield in mid-century. 


Percentage changes in future maize yield in mid-century for RCP 4.5 and RCP 8.5 
are depicted in Fig. 15 for maize alone farms and maize in maize + rice farming 
systems. 
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Maize-alone farms 


In mid-century, for the RCP 4.5 hot-wet scenario the APSIM model showed a devi- 
ation in maize productivity of —7.1% to +3.6% under different farm conditions, 
while with DSSAT, the deviation was from —12.5% to —6.4%. The hot-dry sce- 
nario resulted in —7.9% to —0.7% deviation in maize yield for APSIM and —13.6 
to —6.0 for DSSAT. The cool-dry scenario resulted in — 1.5% to +8.8% yield change 
for APSIM and —3.3% to —0.1% for DSSAT. Forcing of the crop simulation models 
with the cool-wet climatic scenario showed —5.1% to +14.2% deviation in maize 
yield for APSIM and —6.2% to —0.9% deviation for DSSAT. The middle quadrant 
indicated —3.8% to +8.6% range in maize yield change for APSIM and —5.5% to 
—1.1% for DSSAT. 

In mid-century, for the RCP 8.5 hot-wet scenario the APSIM model showed a 
deviation in maize productivity of —10.3% to +6.8% under different farm condi- 
tions, while with DSSAT the deviation was from —15.8% to —8.6%. The hot-dry 
scenario resulted in —10.4% to —0.7% deviation in maize yield for APSIM and 
—24 to —7.9 for DSSAT. The cool/dry scenario resulted in a deviation of —3.3% 
to +10.8% yield change for APSIM and —5.3% to —1.5% for DSSAT. Forcing of 
the crop simulation models with the cool-wet scenarios showed —5.4% to +20.2% 
deviation in maize yield for APSIM and —6.0% to +1.3% deviation for DSSAT. 
The middle quadrant indicated —7.8% to +10.4% range in maize yield for APSIM 
and —13.8% to —6.0% for DSSAT. 


Maize in maize + rice farms 


In mid-century, for the RCP 4.5 hot-wet scenario the APSIM model showed a devi- 
ation in maize productivity of —13.0 to —0.3% under different farm conditions, 
while with DSSAT the deviation was from —34.2% to —5.6%. The hot-dry scenar- 
ios resulted in —7.9% to +3.2% deviation in maize yield for APSIM and —26.2 to 
—5.5 for DSSAT. The cool-dry scenario resulted in a deviation of —7.9% to +4.1% 
yield change for APSIM and —15.6% to 0% for DSSAT. Forcing of the crop simula- 
tion models with the cool-wet scenario showed —5.4% to +7.2% deviation in maize 
yield for APSIM and —17.1% to +3.4% deviation for DSSAT. The middle quadrant 
indicated —7.3% to +2.9% deviation in maize yield for APSIM and —22.1% to 
—1.2% deviation for DSSAT. 

In mid-century, for the RCP 8.5 hot-wet scenario the APSIM model showed a 
deviation in maize productivity of —20.7% to +0.5% under different farm condi- 
tions, while with DSSAT the deviation was from —47.2% to —7.3%. The hot-dry 
scenario showed — 11.9% to —3.6% deviation in maize yield for APSIM and —43.8% 
to —6.9% for DSSAT. The cool-dry scenario resulted in a deviation of —3.9% to 
+8.7% yield change for APSIM and —18.5% to —2.1% for DSSAT. Forcing of the 
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Fig. 16. Projected relative rice yield change ratio (climate change ratio) of APSIM and DSSAT for 
the future climate scenarios. 


crop simulation models with the cool-wet scenario showed —6.2% to +19.6% devi- 
ation in maize yield for APSIM and —15.6% to —2.5% deviation for DSSAT. The 
middle quadrant indicated —8.0% to +9.6% deviation in maize yield for APSIM 
and —36.4% to —5.1% deviation for DSSAT (Table A.7). 


Rice 


The APSIM and DSSAT simulations show that irrigated rice productivity is expected 
to decline in the future under the hot-dry scenario compared to other climatic con- 
ditions (Fig. 16). The DSSAT simulations indicate that in the future rice yield (in 
the SWM) would dip under hot-wet and hot-dry conditions for RCP 4.5 and RCP 
8.5 scenarios. In the rest of the climatic scenarios (cool-wet, cool-dry, and mid- 
dle), increases in rice yield are expected for RCP 4.5 and RCP 8.5. An increase in 
temperature of 2.0°C and 3.1°C (RCP 4.5) and 4.4°C and 3.2°C (RCP 8.5) under 
hot-wet and hot-dry conditions might have led to decreased rice yield by offsetting 
the beneficial effects of CO2. However, with less increase in temperature (< 1.2°C) 
under the cool-wet, cool-dry, and middle scenarios the CO, yield compensation 
effect dominated over the temperature effect and increased the rice yield. 
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Table 2. Climate change ratio for rice. 


Cool-Wet Cool-Dry Middle Hot-Wet Hot-Dry 


Mean SD Mean SD Mean SD Mean SD Mean SD 


For rice alone farms 

RCP 4.5 — APSIM 1.12 0.05 1.16 0.02 1.12 0.05 1.02 0.10 0.93 0.10 
RCP 4.5 — DSSAT 1.01 0.02 1.12 0.03 1.02 0.02 0.88 0.03 0.81 0.05 
RCP 8.5 — APSIM 1.18 0.05 1.06 0.07 1.15 0.07 1.07 0.09 1.11 0.10 
RCP 8.5—DSSAT 1.05 0.08 1.04 0.03 1.01 0.04 0.82 0.07 0.96 0.04 


Rice in maize + rice farms 

RCP 4.5 — APSIM 1.09 0.05 0.97 0.11 1.01 0.08 0.93 0.13 0.87 0.17 
RCP 4.5—DSSAT 1.06 0.01 1.06 0.02 1.05 0.01 0.92 0.06 0.90 0.05 
RCP 8.5— APSIM 1.08 0.08 0.96 0.14 0.99 0.12 0.87 0.18 0.88 0.17 
RCP 8.5—DSSAT 1.11 0.02 1.11 0.03 1.07 0.02 0.87 0.09 0.81 O.11 


Rice (a C3 crop) responded well to enriched CO2 compared to maize (a C4 crop) 
at elevated temperatures below 3°C. Though the increase in temperature during 
maize growing period was less (0.6°C) compared to rice, maize productivity did 
not increase even under cool-wet and cool-dry conditions. Rice showed some yield 
advantage in mid-century with RCP 8.5. 

Rice grown in the overlapping season showed more variation in the climate 
change ratio between the farms under hot-wet and hot-dry climatic conditions in 
APSIM, as well as DSSAT. However, the variation in climate change ratio is higher 
in APSIM than DSSAT. In cool-wet and cool-dry conditions, the variation in the 
climate change ratio is less compared to hot climatic conditions (Table 2). In hot 
climatic conditions, yield decline is more than in the other climatic conditions. 

Percentage changes in future rice yield in mid-century for RCP 4.5 and RCP 8.5 
are depicted in Fig. 17 for rice alone farms and rice in maize + rice farming systems. 


Rice-alone farms 


In mid-century, for RCP 4.5-based hot and wet conditions, the APSIM model showed 
a deviation in rice productivity by (—)25.8% to (+)16.8% under different farm 
conditions, while with DSSAT the deviation was from (—)26.5% to (—)5.7%. Hot 
and dry climatic condition forcing showed (—)25.5% to (—)13.1% deviation in rice 
yield for the APSIM model and (—)37.6% to (—)13.0% for the DSSAT model. 
The cool/dry condition indicates a deviation of (+)11.7% to (+)20.8% for APSIM 
and (+)2.6% to (+)21.7% for DSSAT model. Forcing of the crop simulation models 
with cool and wet climatic conditions showed (—)5.8% to (+) 19.3% deviation in rice 
yield for the APSIM model and (—)6.2% to (+)5.8% deviation for the DSSAT model. 
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Fig. 17. Percent change in future rice yield in mid-century. 


The middle quadrant indicated (—)2.9% to (+)19.2% deviation in rice yield for the 
APSIM model and for DSSAT, (—)5.3% to (+)5.9% deviation. 

In mid-century, for RCP 8.5-based hot and wet conditions the APSIM model 
showed a deviation in rice productivity by (—)21.5% to (+)19.6% under different 
farm conditions, while with DSSAT the deviation was from (—)38.9% to (—)5.6%. 
Hot and dry climatic condition forcing showed (—)21% to (+)23% deviation in rice 
yield for the APSIM model and (—)16.5% to (+)4.9% for the DSSAT model. The 
cool/dry conditions indicate a deviation of (—)12.4% to (+)21.5% for APSIM and 
(—)3.3% to (+)11.2% for the DSSAT model. Forcing of the crop simulation models 
with cool and wet climatic conditions showed (+)1.2% to (+)23.9% deviation in 
rice yield for the APSIM model and (—)31.1% to (+)15% deviation for the DSSAT 
model. The middle quadrant indicated (—)12% to (+)23.7% deviation in rice yield 
for the APSIM model and for DSSAT, (—)10.4% to (+)8.7% deviation. 


Rice in maize + rice farms 


In mid-century, for RCP 4.5-based hot and wet conditions the APSIM model showed 
a deviation in rice productivity by (—)19.8% to (+)14.7% under different farm con- 
ditions, while with DSSAT the deviation was from (—)14.5% to (+)5.4%. Hot and 
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dry climatic condition forcing showed (—)29.9% to (+)13.5% deviation in rice yield 
for the APSIM model and (—)14.7% to (+)2.7% for the DSSAT model. The cool/dry 
conditions indicate a deviation of (—)17.1% to (+)16.1% for APSIM and (—)0.3% 
to (+)8.5% for DSSAT model. Forcing of the crop simulation models with cool 
and wet climatic conditions showed (+)1.7% to (+)16.8% deviation in rice yield 
for the APSIM model and (+)1.7% to (+)9.6% deviation for the DSSAT model. 
The middle quadrant indicated (—)8.7% to (+)15% deviation in rice yield for the 
APSIM model and for DSSAT, (+)0.9% to (+)7.8% deviation. 

In mid-century, for RCP 8.5-based hot and wet conditions the APSIM model 
showed a deviation in rice productivity by (—)32.2% to (+)18.3% under different 
farm conditions, while with DSSAT the deviation was from (—)20.7% to (+)7.5%. 
Hot and dry climatic condition forcing showed (—)31.1% to (+)18.7% deviation in 
rice yield for the APSIM model and (—)28.3% to (+)5.8% for the DSSAT model. The 
cool/dry conditions indicate a deviation of (—)18.3% to (+)20.3% for APSIM and 
(+)3% to (+)15.7% for the DSSAT model. Forcing of the crop simulation models 
with cool and wet climatic conditions showed (—)0.9% to (+)22.2% deviation in 
rice yield for the APSIM model and (+)4% to (+)15.9% deviation for the DSSAT 
model. The middle quadrant indicated (—)13.2% to (+)20.2% deviation in rice yield 
for the APSIM model and for DSSAT, (+)2% to (+)11.2% deviation (Table A.7). 


Adaptations under Current Climate for Increasing the Productivity 


The crops are sown in the study region with wider sowing window and experience 
variable climatic conditions that affect the crop productivity. The adaptation pack- 
age was developed in order to identify the best sowing time to create favor- 
able climatic conditions during the crop growing period and also to enhance 
the productivity with the additional nitrogen (25%) application in maize and 
rice. 


e Date of sowing: As the farmers grow maize and rice crops in different sowing 
windows, different dates of sowings were tried for identifying the appropriate 
date of sowing (as an adaptation). 

e Additional dose of N: Tested the crop response to the 25% additional fertilizer 
and identified as an adaptation option. 

e Adaptation change ratio: CM3/CM1,; this is the response to Q2. 


Shifting sowing dates 


The APSIM and DSSAT model simulations for different dates of sowing for maize 
and rice crops and additional dose of N fertilizer are given in Fig. 18. 


Assessment of Impacts of Climate Change on the Maize—Rice Farming System in Trichy, India 383 


(a) Maize F 


H Rice 
H APs o ossar i 115-7 HaPsm o ossar 
1.05 4 H 
0 gO cf 1.104 
1.00 4 T - E =l ial 
2 i E iB H 2 
F - 0 i = 1.05 H " 
T 0954 3 = a + a H g 
P r = 210075 T g H 
£ 0o90- I 8 El j i 
ra) l 
3 5 0955 z 
£ 0.85 ~ = | =] 
0.90 4 * 
0.80 ~ 
0.854 
0.75 5 T T T T T T Li T T T T T T T T F T T T i 
15tħJuly 1StAug 15tħAug 1StSep 15'%Sep 15'"May 18tJune 15thJune 1st July 15tJuly 
(b) Fertilizer Adaptation Change Ratio Fertilizer Adaptation Change Ratio 
1.157  @japsim [O pssat H aPsm O possar 
— 1.075 Be — 
7 1.064 i 
2 . 2 i 
5 = 
& i104 Œ 1.05- 
p 8 
= = Hi 
5 = 1.04 
5 5 l 
z i c 103- H — 
© 1.054 — 2 
3 T 
= ES — S 1025 ES 
S i 5 
< i < 101-4 E 
1.004 ra ez 
ue jogs = 
T T T T T T T T 
Maize Maize + Rice (Maize) Rice Maize + Rice (Rice) 
(c) Best Date of Sowing +25% Additional N Fertilizer Best Date of Sowing +25% Additional N Fertilizer 
APSIM DSSAT 1204 masm 
1.204 F n = 
2 F i 
2 2 1.155 i 
© 1154 i T £ ' 
o H i 
D i g 
& © 110- 7 
= s H 
O 1104 o i C] 
c 1 
2 : :..,| = : 
T H : Š 1.05 , = 
s f : T ; 
2 H — i sl a pe 
8 1.057 H G 
a = 
E 1.005 
1.004 
T T T T T T T T 
Maize Maize + Rice (Maize) Rice Maize + Rice (Rice) 


Fig. 18. (a) Effect of date of sowing on maize and rice; (b) effect of 25% additional N fertilizer on 
maize and rice; (c) combined influence of best date of sowing and 25% additional N fertilizer on maize 
and rice. 


Maize 


The results indicated that among the five dates of sowing, 15th August performed 
better compared to the other times of sowing. This might be due to the congenial 
cool weather conditions that prevailed during the grain-filling stage. With 25% 
supplemental nitrogen fertilizer, APSIM showed an increase in maize yield with the 
mean of 9.1% to 9.6%. The DSSAT simulation indicated a maize yield change that 
ranged with an average of 3.4% to 3.8%. When both the adaptation strategies are 
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combined together (best sowing date with 25% supplemental nitrogen fertilizer), 
APSIM showed an increase in maize yield with the mean of 9.9% to 10.5%. The 
DSSAT simulation indicated a maize yield change that ranged with an average of 
5.5% to 6.1%. 


Rice 


Both APSIM and DSSAT simulated higher rice yield for 15th July planting over other 
dates of planting. For 25% additional N application, mean yield increase of 4.5% 
to 4.9% is predicted by APSIM and DSSAT simulation showed not much change. 
When both the adaptation options of the best sowing time and 25% additional N were 
imposed, the APSIM simulation indicated a yield increase with the mean change 
of 6.8% to 9.7% and the DSSAT simulation showed an increase with the mean of 
7.5% to 12.8% in rice. 


Representative Agricultural Pathways: Biophysical Aspects of the Crop 
Model Simulations Used for Future System 


The adaptation packages developed by considering the future production system 
mainly focus on the improvement in genetic productivity through increasing the 
duration of the crops and tolerance to the increase in temperature for mitigating the 
negative effect of warming climate on the crops. In the sustainable development 
pathways of RAP 4 with increased investment in R&D would have the possibility to 
develop the promising cultivar with high-yielding traits in addition with increased 
crop duration and resilience to temperature changes in maize. Genetic yield pro- 
ductivity is improved through length the crop duration along with the improved 
yield traits in rice. Additionally, in both maize and rice the recommended amount 
of 12.5 tonnes/ha of manure application is included in the adaptation package. 

In the unsustainable pathways of RAP 5 with limited investment in R&D, high- 
yielding and temperature-resistant cultivars for maize and improved genetic pro- 
ductivity traits for rice are considered in the adaptation package, whereas organic 
manure is not applied in the field. 

For the future production system simulation, changes were made in cultivar 
genetics, fertilizer, and manure as furnished below for RAP 4 and RAP 5 (Table 3). 


Maize 


The future production system with RAP 4 and RAP 5 scenarios increased the maize 
yield over the current production system (Fig. 19). APSIM and DSSAT simulated 
the mean yield of 8483 and 8521 kg ha™!, respectively for RAP 4, which almost 
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Table 3. Input from RAP 4 and RAP 5 included in the crop simulation model. 
Crops RAP 4 RAP 5 
Maize/Rice Increase the yield by 15% Increase the yield by 15% 


Applying more nitrogen (35%) Applying more nitrogen (50%) 
Manure application — 12.5 t/ha 
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Fig. 19. Future maize and rice yields with RAPs. 


showed 25% increase in mean yield over the current production system. In RAP 5, 
the yield increased by 13% (7685kgha~') and 15% (7813 kg ha~') with APSIM 
and DSSAT. 

Future production system under RAP 4 with RCP 4.5 future climate indicated 
that the APSIM-predicted maize productivity changed between —7.6% and 12.5%, 
while with DSSAT the deviation ranged from —7.3% to —1.4% under cool and 
wet conditions. Hot and wet climatic conditions showed —11.3% to 1.2% deviation 
in maize yield for the APSIM model and —13.1 to —6.8 for the DSSAT model. 
The cool/dry conditions indicated a deviation of —3.6% to 7.3% for APSIM and 
—4.4% to 0.6% for DSSAT model. Crop simulation models forced with hot and 
dry climatic conditions showed — 12.1% to —0.3% deviation in maize yield for the 
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APSIM model and —14.5% to —6.8% deviation for the DSSAT model. The middle 
range of climate indicated —6.2% to 6.7% deviation in maize yield for the APSIM 
model and for DSSAT, —5.5% to —1.2% deviation. 

Future production system under RAP 5 (RCP 8.5) with future climate indicated 
that the APSIM-predicted maize productivity changed between — 15.2% and 6.6%, 
while with DSSAT, the deviation ranged from — 15.4% to —8.4% under hot and wet 
conditions. Cool and dry climatic conditions showed —6.2% to 11.4% deviation 
in maize yield for the APSIM model and —5.2 to —1.7 for the DSSAT model. 
The hot/dry conditions indicated a deviation of —14.6% to —1.3% for APSIM and 
—24.2% to —9.9% for the DSSAT model. Crop simulation models forced with cool 
and wet climatic conditions showed —7.8% to 22.9% deviation in maize yield for 
the APSIM model and —6.1% to 2.6% deviation for the DSSAT model. The middle 
range of climate indicated —11.8% to 10.3% deviation in maize yield for the APSIM 
model and for DSSAT, —13.1% to —6.3% deviation. 


Rice 


The future production system with RAP 4 and RAP 5 scenarios increased the rice 
yield over the current production system (Fig. 19). APSIM and DSSAT simulated the 
mean yield of 6106 and 5350 kg ha“, respectively, for RAP 4. APSIM and DSSAT 
showed 23% increase in mean yield, while the increase was 16% with DSSAT over 
the current production system. In RAP 5, the yield increased by 4% (5183 kg ha~') 
and 6% (4888 kg ha~!) with APSIM and DSSAT. 

Future production system under RAP 4 (RCP4.5) with future climate indicated 
that the APSIM-predicted maize productivity changed between —27.3% and 15.9%, 
while with DSSAT the deviation ranged from —39.6% to —14.6% under hot and 
dry conditions. Middle of all four quadrants climatic condition showed —2.6% to 
24.4% deviation in maize yield for the APSIM model and —5.8 to 5.3 for the DSSAT 
model. The cool/wet conditions indicated a deviation of —5.8% to 24.8% for APSIM 
and —6.6% to 4% for DSSAT model. Crop simulation models forced with cool and 
dry climatic conditions showed 13.3% to 27.1% deviation in maize yield for the 
APSIM model and 2.1% to 17.9% deviation for the DSSAT model. Hot and wet 
climate indicated —27.5% to 21.3% deviation in maize yield for the APSIM model 
and for DSSAT, —28.6% to —7.9% deviation. 

Future production system under RAP 5 (RCP 8.5) with future climate indicated 
that the APSIM-predicted maize productivity changed between — 10.8% and 23.5%, 
while with DSSAT the deviation ranged from — 10.4% to 11.8% under the middle 
range of climatic conditions. Cool and dry climatic conditions showed —11.8% to 
22.8% deviation in maize yield for the APSIM model and —3.2 to 11.7 for the 
DSSAT model. The hot/wet conditions indicated a deviation of —21.3% to 19.8% 
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Table 4. Future production system (RAP4 and RAPS) with adaptation. 


RAP 4 Adaptation RAP 5 Adaptation 
Maize/Rice Genetic manipulation: Increase the Genetic manipulation: Increase the 
yield by 15%, 10% increase in crop yield by 15 %, 10% increase in crop 
duration and temperature tolerance duration and temperature tolerance 
Applying more nitrogen (35%) Applying more nitrogen (50%) 


Manure application — 12.5 t/ha 


for APSIM and —38.8% to —3.2% for DSSAT model. Crop simulation models 
forced with hot and dry climatic conditions showed —21.0% to 23.0% deviation in 
maize yield for the APSIM model and — 16.4% to 7.5% deviations for the DSSAT 
model. Cool and wet climate indicated 2.4% to 23.6% deviation in maize yield for 
the APSIM model and for DSSAT,—30.9% to 14.0% deviation. 


Adaptations under future climate 


Adaptation packages were developed for the future production system. For maize 
and rice, the focus was on the development of cultivars with 10% increase in dura- 
tion and temperature tolerance. In the RAP 4 system, the recommended amount 
of manure will be applied, whereas under RAP 5 system application of manure to 
increase the soil fertility will not be in practice (Table 4). 


Adaptation change ratio (CM6/CM5, Q4) 


Adaptation change ratio for RAP 4 and RAP 5 with reference to maize and rice are 
presented in Fig. 20. 


Maize 


In RAP 4 system, growing the extra duration cultivars in maize with tolerance to 
temperature showed the yield increase of maize up to 9% with APSIM and 23% with 
DSSAT in future climatic conditions. In RAP 5 system, the considered adaptation 
options showed the yield increase on an average by 5% with APSIM and 13% with 
DSSAT. 


Rice 


In RAP 4 system, growing the extra duration cultivars of rice showed the yield 
increase of maize up to 26% with APSIM and 23% with DSSAT in future climatic 
conditions. In RAP 5 system, the considered adaptation options showed the yield 
increase up to 18% with APSIM and an average by 13% with DSSAT. 
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Fig. 20. Future maize and rice yields with adaptation under RAPs. 
. 
Conclusions 


Vulnerability of current system to climate changes 


The current production system would be more regularly affected by the high emis- 
sion scenario (RCP 8.5) than the low emission scenario (RCP 4.5) during the mid- 
century. In the future, the reduction in maize productivity is expected to be greater 
under hot-dry climatic conditions than under the other climatic conditions for both 
RCP 4.5 and RCP 8.5 scenarios. Maize yield is expected to decline up to 13.6% with 
RCP 4.5 scenario and 24% with RCP 8.5 scenario under hot-dry climatic conditions. 
Rice yield is expected to decrease up to 18% under hot climatic conditions for RCP 
8.5 scenario. 


Potential adaptation in current system to current climate 


In the region, crops are sown across a wide sowing window without following a 
specific sowing window. Sowing the crops at the optimum sowing window could 
improve crop productivity by creating better environmental conditions during the 
crop growing period, as a climate-smart practice. Application of 25% of an additional 
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dose of nitrogen was also included in the adaptation package. The adaptation package 
increased the maize yield around 10% and rice yield around 13%. 


Vulnerability of future system to climate changes 


Climate change impacts on the future system would be slightly lower than on the 
current system. In the future system, modifications in the genetics of cultivar with 
increased crop duration and resilience to temperature changes and additional appli- 
cation of manure reduce the impact of climate change. Maize yield reduction would 
be around 8.8% with the sustainable development pathway (RAP 4) and around 
10.5% with the unsustainable pathway (RAP 5) under hot climatic conditions. In 
the sustainable development pathway (RAP 4), climate change is expected to reduce 
rice yield around 13.8% and 4% with the unsustainable pathway (RAP 5) under hot 
climatic conditions. 
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Appendix 


Table A.1. Selected global climate models for representing future mid-century conditions. 


SWM NEM 


Selected _ č o ž o o 
Models RCP 4.5 RCP 8.5 RCP 4.5 


Cool-wet CESM1- MRI- BNU-ESM 
BGC CGCM3 

Cool-dry GFDL- GFDL- inmcm4 
ESM2 ESM2 

Middle BNU-ESM BNU-ESM NorESM1- 

M 

Hot-wet MIROC- HAdGEM2- CanESM2 
ESM ES 

Hot-dry GFDL- MPI-ESM- IPSL- 
CM3 MR CMSA- 


MR 


RCP 8.5 


MIROC 5 


inmcm4 


HadGEM2- 
AO 
CanESM2 


IPSL- 
CMSA- 
MR 


JJASOND 
RCP 4.5 RCP 8.5 

MIROC 5 MIROC 5 
FGOALS-  FGOALS- 

g2 g2 
bec-csm1-1 bec-csm1-1 
CMCC- CMCC- 

CM CM 
CanESM2 CanESM2 
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Table A.2. Changes in rainfall and temperature over Trichy for maize, rice, and maize + rice crop 


seasons. 


Growing 
Months 


JJAS 


OND 


JJASOND 


Crop 
Species 


Rice 


Maize 


Maize + Rice 


RCP 


4.5 


8.5 


4.5 


8.5 


4.5 


8.5 


Type 


Cool/wet 
Cool/dry 
Middle 
Hot/wet 
Hot/dry 


Cool/wet 
Cool/dry 
Middle 
Hot/wet 
Hot/dry 


Cool/wet 
Cool/dry 
Middle 
Hot/wet 
Hot/dry 


Cool/wet 
Cool/dry 
Middle 
Hot/wet 
Hot/dry 


Cool/wet 
Cool/dry 
Middle 
Hot/wet 
Hot/dry 


Cool/wet 
Cool/dry 
Middle 
Hot/wet 
Hot/dry 


GCMs 


CESM1-BGC 
GFDL-ESM2 
BNU-ESM 
MIROC-ESM 
GFDL-CM3 


MRI-CGCM3 
GFDL-ESM2 
BNU-ESM 
HAdGEM2-ES 
MPI-ESM-MR 


BNU-ESM 
inmem4 
NorESM1-M 
CanESM2 
IPSL-CM5A-MR 


MIROC 5 
inmem4 
HadGEM2-AO 
CanESM2 
IPSL-CM5A-MR 


MIROC 5 
FGOALS-g2 
bec-csm1-1 
CMCC-CM 
CanESM2 


MIROC 5 
FGOALS-g2 
bec-csm1-1 
CMCC-CM 
CanESM2 


Temperature 
Change (°C) 


V2 
0.8 
12 
2.0 
3.2 


2.6 
2.4 
2.7 
4.4 
3.2 


1.4 
0.9 
1.3 
2.0 
1.9 


2.0 
1.8 
3.9 
4.0 
4.1 


1.0 
0.9 
id 
15 
2.0 


1.8 
1.8 
2.7 
3.4 
4.0 


Rainy 


Days 


Precipitation Change 


Change (%) 


(%) 


mi i p a a 


. uoun NONON UAN RK KS 
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Table A.3. Genetic coefficients for cultivars of maize in (a) the CERES-maize model 


and (b) the APSIM model. 

(a) 

Cultivar P1 P2 P5 G2 G3 PHINT 

NK6240 320 0.540 800 7715 8.80 40.00 

(b) 

Cultivar tt_emerg to tt_flower_to  tt_flower_to_start head_grain grain_gth 
_endjuv _maturity _grain units _no_max _rate 

NK6240 210 860 60 865 10 


Table A.4. Calibration effectiveness of crop models for maize. 


Model Model Stat. Days to Anthesis Days to Maturity Grain Yield 


DSSAT R2 0.91 0.85 0.85 
RMSE 1.53 2.19 240 
APSIM R2 0.87 0.73 0.65 
RMSE 2.41 2.41 238 


Table A.5. Genetic coefficients for (a) cultivars of rice in the CERES-rice model and (b) rice 
cultivars in the APSIM model. 


(a) 

Cultivar P1 P2R P5 P20 G1 G2 G3 G4 
ADT43 483 53.5 348 12 55.8 0.240 1 1 
(b) 

Cultivar DVRJ DVRI DVRP DVRR MOPP 


ADT43 .001030 .000600 .000650 .001830 11.50 


Note: DVRJ — development rate in juvenile phase (°C d-1); DVRI — development rate in 
photoperiod-sensitive phase (°C d-1); DVRP — development rate in panicle development (°C 
d-1); DVRR — development rate in reproductive phase (°C d-1); MOPP — maximum optimum 
photoperiod (h). 
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Table A.6. Model statistics for assessing the calibration efficiency of crop models for rice. 


Model Model Stat. Days to PI Days to Anthesis 


DSSAT R2 0.66 
RMSE 21 

APSIM R2 0.71 
RMSE 2.68 


0.80 
1.96 
0.66 
3.56 


Days to Maturity 


0.64 
2.68 
0.59 
2.58 


Grain Yield 


0.82 
357 
0.69 
104 


Table A.7. Core Question 1: What is the sensitivity of current agricultural pro- 


duction systems to climate change? 


(a) Climate change ratio for maize 


Cool-Wet 

For maize alone farms 

RCP 4.5 — APSIM 0.99 
RCP 4.5 — DSSAT 0.96 
RCP 8.5 — APSIM 1.00 
RCP 8.5 — DSSAT 0.96 
For maize + rice farms 

RCP 4.5 — APSIM 0.97 
RCP 4.5 — DSSAT 0.95 
RCP 8.5 — APSIM 0.97 
RCP 8.5 — DSSAT 0.95 


(b) Climate change ratio for rice 


Cool-Wet 

For rice alone farms 

RCP 4.5 — APSIM 1.12 
RCP 4.5 — DSSAT 1.01 
RCP 8.5 — APSIM 1.18 
RCP 8.5 — DSSAT 1.05 
Rice in maize + rice farms 
RCP 4.5 — APSIM 1.09 
RCP 4.5 — DSSAT 1.06 
RCP 8.5 — APSIM 1.08 
RCP 8.5 — DSSAT 1.11 


Cool-Dry 


1.01 
0.99 
1.00 
0.97 


0.99 
0.99 
0.98 
0.96 


1.16 
1.12 
1.06 
1.04 


0.97 
1.06 
0.96 
1.11 


0.99 
0.97 
0.98 
0.92 


0.98 
0.97 
0.96 
0.92 


1.12 
1.02 
1.15 
1.01 


1.01 
1.05 
0.99 
1.07 


Middle Hot-Wet 


0.98 
0.92 
0.96 
0.89 


0.96 
0.91 
0.94 
0.88 


Cool-Dry Middle Hot-Wet 


1.02 
0.88 
1.07 
0.82 


0.93 
0.92 
0.87 
0.87 


0.97 
0.91 
0.95 
0.87 


0.96 
0.92 
0.94 
0.89 


0.93 
0.81 
1.11 
0.96 


0.87 
0.90 
0.88 
0.81 


Hot-Dry 


Hot-Dry 
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Introduction 


India is the second most populous country. Along with steady economic growth, it 
has achieved self-sufficiency in food grain production in recent years. Agriculture 
thus plays a vital role in India’s economic development. Besides providing food 
to the growing population, agriculture supports about 58% of the rural households 
and provides 50% of employment. Despite this, high levels of poverty, food inse- 
curity, and malnutrition persist in the country. The national poverty rate! in India is 
14.6 (World Bank, 2019). With increasing population and income, changing diets, 
growing challenges related to diminishing per capita arable land and irrigation water 
resources, and expanding abiotic and biotic stresses, India needs to double its cereal 
production to feed 1.8 billion people by 2050. 


‘Calculated at the international poverty line (US$1.90 per day). 
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The Intergovernmental Panel on Climate Change (IPCC) has reported a likely 
global temperature increase in the range of 2.6°C to 4.8°C by 2100 under RCP 
8.5 scenario (IPCC, 2014). Although enhanced atmospheric CO, will increase pho- 
tosynthesis, adverse impacts resulting from increasing temperature may result in 
severe yield penalties for chickpea growing areas. Given the importance of chick- 
pea as a major pulse crop, it is highly necessary to study and understand the impacts 
of future climate changes on chickpea-based farming system in rainfed regions of 
Southern India. 

Climate change adaptation involves assessment of complex processes of impacts 
of climate, economy, and policy with multiple dimensions cutting across local, 
regional, national, and global scales. Diverse sets of stakeholders are affected by and 
affect the global and regional processes. This necessitates knowledge from various 
disciplines of science to be documented and analyzed. Although experts in the region 
from various subject backgrounds have engaged in sharing their perspectives about 
particular problems, their efforts to converge, to an extent, that offer a comprehensive 
understanding of climate change impacts and adaptation options have remained 
limited. The transdisciplinary approach is adopted by the Agricultural Model Inter- 
comparison and Improvement Project (AgMIP) to achieve the objective of enabling 
decisions based on multidisciplinary interactions and rigorous regional integrated 
assessments (RIAs). 

In this chapter, we used the AgMIP RIA framework to assess the climate change 
impacts on the rainfed farming system in Kurnool district of Andhra Pradesh. Using 
the RIA framework, we answer the following core questions: 


1. What is the sensitivity of the current rainfed fallow-chickpea farming system of 
Kurnool district of Andhra Pradesh to climate change? 

2. What are the benefits of current climate-smart adaptation strategies in the current 
rainfed farming system in the region? 

3. What is the impact of climate change on future fallow-chickpea farming system? 

4. What are the benefits of climate change adaptations strategies for future rainfed 
chickpea-based farming system? 


Kurnool District, in Andhra Pradesh, India 


Climate change 


Andhra Pradesh is divided into six agro-climatic zones. Kurnool district falls in a 
scarce rainfall zone (V) with rainfall of 500mm to 750mm. More than 80% of the 
cropped area in the district is under the rainfed farming system. The normal annual 
rainfall received in Kurnool district is around 670 mm; nearly 68% is received from 
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the southwest monsoon and 22% from the northeast monsoon. The most critical 
risks an average farmer faces during the farming season are the amount of rainfall 
and its distribution over the crop growth cycle. Rainfall in Kurnool district is mostly 
erratic, insufficient, and unevenly distributed. 

Recurrent droughts, uneven distribution of rainfall, and low groundwater poten- 
tial are the major concerns. The extent of adoption of improved cultivars (including 
drought- and disease-tolerant) is still low in the majority of dryland crops. The 
absence of market linkages and non-remunerative prices are quite prevalent and 
lead to distress sales of agricultural commodities. Post-harvest losses are large due 
to lack of proper handling measures, especially in the case of vegetables and fruits. 
Livestock productivity is also low due to poor feeding practices and fodder scarcity. 
Access to agricultural insurance and formal credit sources are also low due to poor 
institutional arrangements. 

Other constraints include low cropping intensity, high costs of cultivation, low 
adoption of modern technology, variability in output, low productivity, lack of credit, 
inadequate public investment, and high incidence of rural poverty. All these chal- 
lenges result in low crop and livestock productivity, minimal farm income, and 
degradation of natural resources. 

The soils in the district are characterized by low-to-medium fertility and yield 
gaps exist for the majority of crops. They are predominantly black cotton soils (Verti- 
sols) of about 0.76 million hectares followed by red soils (0.2 million ha). The major 
crops grown in the district are rice, sorghum, cotton, chickpea, sunflower, pigeon- 
pea, black gram, groundnuts, and onions. Among these crops, chickpea occupied 
about 23% of the total cropped area in the state in 2008-2010 followed by groundnut 
(20.8%), sunflower (12.3%), and rice (12.7%). 

Due to low rainfall in the district coupled with labour scarcity, increasing wage 
rates, and limited scope for other irrigation sources, areas of low-water-demanding 
and less-labour-intensive rainfed crops, such as chickpea and groundnut, are increas- 
ing. For example, the share of chickpea area in total cropped area of Kurnool district 
was only 2.45% in 1991-1993 but it has increased to 23% in 2008-2010. In Kurnool, 
the predominant cropping pattern followed by farmers is the “fallow-chickpea” 
system.” 

Kurnool district is in Andhra Pradesh (Fig. 1) located in the west-central part 
of the state and lies between the north latitudes of 140°54’ and 160°18’ and east 


2 Farmers keep their land fallow during the kharif (rainy) season and subsequently take up chickpea cultivation 
during rabi (post-rainy) season. Chickpea farmers open up land furrows with tractors/bullocks soon after receiving 
the rains during rainy season (i.e., from July onwards). This practice allows the black cotton soil (Vertisols) to 
retain rain water to the best extent possible. The retained residual moisture enables the growth of the chickpea 
crop during late September or October in a normal year. This is the most predominant practice in black soils for 
conserving soil moisture. 
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Fig. 1. (a) Location of Kurnool district in Andhra Pradesh state of India, (b) Location of the sample 
household in the chickpea growing areas in Kurnool district; the green color area in the map designates 
chickpea plots identified using remote sensing data. 


longitudes of 760°58’ and 790°34’. Of the total population of 4.04 million in the 
district, more than 70% live in rural areas and are engaged in farming. The farmers 
cultivate crops in two seasons, namely the kharif season (rainy season — June to 
October) and the rabi season (post-rainy season — November to February). The 
major crops grown in the rainy season are paddy rice, cotton, and pigeonpea; in the 
post-rainy season, chickpea, sorghum, and sunflower are the major crops. 

Due to dominant black soil in the district and constraints in cultivating during 
the rainy season, farmers keep the land fallow in the rainy season and cultivate 
crops in the post-rainy season using the residual moisture. “Fallow-chickpea” is the 
dominant cropping system observed across Kurnool district and sample households. 
Nearly 60%—70% of the post-rainy season cropped area alone was occupied by 
chickpea. Since chickpea occupies the major cropped area of the farmers’ land 
holding, total household earnings from agriculture are significantly influenced by 
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Fig. 2. The general farming system diagram in the Kurnool district. 


this crop. The high net profitability per ha in chickpea cultivation has increased the 
average agricultural income per household. However, a majority of farm households 
also depend on a wide range of secondary sources of income, such as livestock 
rearing, non-farm labour, income from rents, and other skilled jobs (Fig. 2). 

The average household size of the sample households (111) in Kurnool district 
is 5.2 persons with a farm size of about 6.5ha. The average livestock holding per 
household is 1.9 Tropical Livestock Unit (TLU). This indicates that households also 
are dependent on livestock rearing as a subsidiary occupation. The farmers in the 
region cultivate chickpea in about 4.2ha. Households in the Kurnool district have 
allocated a more significant share of their cropped area to chickpea than any other 
district in the state (Bantilan et al., 2014). The estimated average yield in the region 
is 972.8 kg/ha. 


Stratification of households in Kurnool district 


For this RIA of climate change for Kurnool district, we stratified the households 
based on the amount of annual rainfall received and availability of alternative irriga- 
tion sources into two homogenous strata: (1) Low-rainfall region; (2) Medium and 
high-rainfall region. 
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The western part (low-rainfall regions) of the district receives less than 500 mm 
and has no irrigation sources, such as canals, rivers, or open wells, in the region since 
it is located in the dry south central part of India, whereas the eastern part of Kurnool 
district (medium and high-rainfall regions) receives annual rainfall between 700- 
800mm and also has canal water sources for irrigation. The amount of rainfall and 
availability of irrigation source determines the productivity of the farming system in 
the region. So, all the farmers in the zones face almost the same kind of biophysical 
constraints, such as rainfall, irrigation source, soil fertility, and cropping pattern. 


Characteristics of Strata 1: Low Rainfall Regions 


The average household size in the low rainfall region is 5.1 person with an operated 
farm size of about 6.1 ha (Table 1). The farm households also rear livestock, such as 
cows, buffaloes, and small ruminants. The average livestock holding per household 
in the region is around 1.7TLU. The farmers in the region cultivate chickpea of 
about 3.6ha which is more than 50% of the total operative land holding in the 
region. The farmers also cultivate other crops, such as sorghum, groundnut, castor, 
green gram, black gram, and cotton. The cultivated area occupied by legumes and 
oilseeds is about 0.5 ha and other crops about 1.9ha. The yield of chickpea in the 
region is very low compared to other potential regions. The average yield in the 


Table 1. Characteristics of sample households of low rainfall regions of Kurnool district 
(strata 1). 


Variables Units Obs. Mean Std.Dev. Min. Max. 


Household size Numbers 42 5.1 1.6 2.0 9.0 
Total own land Ha 42 4.6 3.4 0.0 15.2 
Total operated land Ha 42 6.1 3.2 1.6 15.2 
Total Livestock Unit Numbers 42 1.7 3.2 0.0 20.0 
Chickpea area Ha 42 3.6 2.1 0.8 8.4 
Chickpea yield Kg/ha 42 258.5 89.8 149.5 500.0 
Chickpea price Rs/kg 42 35.1 4.0 28.5 40.0 
Chickpea TVC Rs/ha 42 17754.0 4644.0 9525.0 31008.3 
Legumes and oilseeds area Ha 42 0.5 1.3 0.0 6.4 
Legumes and oilseeds TVC Rs 42 8786.0  25661.8 0.0 140330.0 
Legumes and oilseeds NR Rs 42 10901.7 31413.8 0.0 174000.0 
Other crops area Ha 42 1.9 23 0.0 9.6 
Other crops TVC Rs 42 41290.7 51118.1 0.0 209725.0 
Other crops NR Rs 42  69009.6 109105.3 0.0 515400.0 
Livestock income Rs 42 13454.8  17347.2 0.0 60000.0 


Non-agrl income Rs 42 66109.5  49873.9 4000.0 216000.0 


Note: Legumes include green gram, black gram, horse gram, soybean, groundnuts, and castor. 
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Fig. 3. Distribution of (a) chickpea yield (kg/ha) in current climate of low rainfall region (strata 1) 
and (b) chickpea net returns (Rs/farm) in current climate of low rainfall region (strata 1). 


region is 258.5kg/ha (Table 1). The distribution of chickpea yields and the net 
return are given in Fig. 3. The farm households also engage in non-farm activities, 
which account for about 40% of the household net income. 


Characteristics of Strata 2: Medium and high rainfall regions 


The average household size in the high rainfall region is 5.3 person with operated 
farm size of about 6.7 ha (Table 2). The average livestock holding per household in 
the region is around 2.5 TLU. The farmers in the region cultivate chickpea of about 
4.6 ha which is more than 60% of the total operative land holding in the region. The 
farmers also cultivate other crops, such as legumes and oilseeds, of about 0.4 ha and 
other crops about 1.7 ha. This region is a high-potential region that receives around 
800mm of rainfall and also has canal irrigation facilities and farmers’ own tube 
wells to irrigate the fields. The yield of chickpea in the region is very low compared 
to other potential regions. The average yield in the region is 1407.6kg/ha (Table 2). 
The distribution of chickpea yield and the net return are given in Fig. 4. 


Integrated assessment of climate change impacts 


Chickpea productivity enhancement is significant in Andhra Pradesh when com- 
pared to other states in India. However, there are still several biotic and abiotic 
stress factors prevalent in chickpea growing regions (Knights and Siddique, 2002). 
Among the biotic factors, Fusarium wilt coupled with root rot complex is the most 
widespread disease followed by Ascochyta. Among the abiotic factors, terminal 
drought, high temperature during reproductive phase, and cold sensitivity during 
vegetative phase are the most important stresses experienced by chickpea crops 
(Kashiwagi et al., 2005; Leport et al., 2006). Chickpea is a cool season legume and 
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Table 2. Characteristics of sample households of medium and high rainfall regions of Kurnool 


district (strata 2). 
Variables 


Household size 
Total own land 
Total operated land 
Total Livestock Unit 


Chickpea area 

Chickpea yield 

Chickpea price 

Chickpea TVC 

Legumes and oilseeds area 
Legumes and oilseeds TVC 
Legumes and oilseeds NR 


Other crops area 
Other crops TVC 
Other crops NR 


Livestock income 
Non-agrl income 


Units 


Numbers 
Ha 
Ha 

Numbers 


Ha 
Kg/ha 
Rs/kg 
Rs/ha 


Obs. 


69 
69 
69 
69 


69 
69 
69 
69 


69 
69 
69 


69 
69 
69 


69 
69 


Mean 


5:3 
5.4 
6.7 
2.0 


4.6 
1407.6 
38.5 
27281.6 


0.4 
9454.5 
25887.9 


1.7 
69687.6 
180926.0 


127671.7 
130213.5 


Std. Dev. 


2.1 
4.0 
4.8 
2:5 


3.8 
454.3 
6.2 
5263.6 


1.0 
20776.3 
68584. 1 


1.9 
87155.6 
248315.4 


186803.4 
191499.6 


Min. 


2.0 
0.4 
0.4 
0.0 


0.4 
625.0 
25.0 
11460.8 


0.0 
0.0 
0.0 


0.0 
0.0 
0.0 


0.0 
0.0 


Max. 


11.0 
16.6 
23.5 
14.1 


20.2 
2573.1 
50.0 
37419.3 


5.6 
108550.0 
347090.0 


9.6 
400090.0 
1046490.0 


880570.0 
883740.8 


Note: Legumes include green gram, black gram, horse gram, soybean, groundnuts, and castor. 
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Fig. 4. Distribution of (a) chickpea yield (kg/ha) in current climate of medium and high rainfall 
region (strata 2) and (b) chickpea net returns (Rs/farm) in current climate and of medium and high 


rainfall region (strata 2). 


exposure to high temperatures at the reproductive stage may result in severe yield 


reduction (Wang et al., 2006). Heat stress at the reproductive stage is becoming 


a major constraint to chickpea production because of the large shift in chickpea 


area from cooler, long-season environments to warmer, short-season environments 


(Gaur et al., 2013). Increase in area under late-sown conditions, reduction in winter 
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period, and anticipated temperature raise due to climate change are the major threats 
to chickpea production. 


Data and Methods of Study 


Historical climate data 


To understand the current climate conditions in the chickpea growing regions of 
Kurnool, long-term climate data (1980-2010) were obtained from the Acharya N.G. 
Ranga Agricultural University meteorological observatories located at the Agricul- 
tural Research Stations in Anantapur and Nandyal. The data obtained were qual- 
ity checked and the missing values were filled with bias-corrected Agricultural 
Modern-Era Retrospective Analysis for Research and Applications (AgMERRA) 
data (Ruane et al., 2015a). In order to create a representative 30-year weather series 
for each location, neighbouring sites from the highly spatially resolved WorldClim 
data, which are available historically as monthly values, were used. A total of four 
farm climate sites were developed in the western part of the district using Anantapur 
met observatory data and the four farm climate sites were developed using Nandyal 
met station data for rest of the chickpea growing areas. 


Future climate data 


To select five out of the 29 global climate models (GCMs) for future projections, 
a scatterplot was generated to represent the GCMs range of future change for the 
grid boxes representing the Kurnool district. The scatter plot represents cool/wet, 
hot/wet, cool/dry, and hot/dry models relative to the median of the model spread. It is 
important to note that all the climate models are warm compared to the baseline, with 
the rainfall exhibiting more variability (but is generally greater). The central median 
is defined as one standard deviation box containing models that have changes in 
temperature and precipitation within one standard deviation from the average val- 
ues of all the 29GCMs. Future climate projections were created by utilizing the 
“mean and variability” approach (Ruane et al., 2015b), in which the mean monthly 
changes and the magnitude of variability changes from baseline under representa- 
tive concentration pathways (RCPs) 4.5 and 8.5 for the mid-century period centred 
around 2055 were applied to the daily baseline weather series. These scenarios of 
future projections are referred to as mean and variability change scenarios. 


Crop simulation modeling 


The impacts of current and future climate on fallow-chickpea productivity were 
assessed using the Decision Support System for Agrotechnology Transfer (DSSAT) 
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and Agricultural Production Systems Simulator (APSIM) crop simulation models. 
To use the crop simulation models to estimate the climate change impacts, they need 
to be parameterized so that the simulated yields match observed yields. JG-11, a 
short duration variety (90-100 days) commonly grown in Kurnool was used in the 
simulations. The variety was calibrated using the crop datasets available in the annual 
reports of the All India Coordinated Research Project on Pulses (AICRPP, 1999- 
2011). The multi-location data were used to calibrate and validate the JG-11 cultivar 
coefficients. Crop data on sowing dates, days to physiological maturity, yield data, 
and yield attributes from agronomic trials and phenological data from physiology 
trials were used for generating the cultivar coefficients (Singh et al., 2014). APSIM 
cultivar coefficients were obtained from the International Crops Research Institute 
for the Semi-Arid Tropics (ICRISAT) data repository. 


Economic analysis 


The Trade-off Analysis Model for Multi-Dimensional Impact Assessment (TOA- 
MD) model simulates the proportion of farms that utilize a baseline system (e.g., 
system 1) and the proportion of farms that would adopt an alternative system (e.g., 
system 2) within defined strata of the population (Antle and Valdivia, 2011). The 
model then predicts an adoption rate for each stratum of the population, using 
the assumption that farmers are economically rational and adopt practices that are 
expected to provide the highest economic return. 

Accordingly, this predicted adoption rate? should be interpreted as the propor- 
tion of farms for which the new system’s practices are economically feasible, after 
correcting for the opportunity costs associated with the technology (Antle and Val- 
divia, 2011; Antle et al., 2010; Antle et al., 2015a; Antle et al., 2015b, Antle and 
Valdivia, 2006; Thorburn et al., 2015). Based on the predicted rate of adoption, the 
TOA-MD model also simulates economic, environmental, and social impact indica- 
tors for the sub-population of adopting farms, the sub-population of non-adopters, 
and the entire population. Further details on the impact assessment aspects of the 
model are provided in Antle and Valdivia (2011) and Antle et al. (2014). 

We applied TOA-MD following the approach described by AgMIP (Rosenzweig 
etal., 2013) to integrate process-based crop simulation models (DSSAT and APSIM) 
with the economic model for ex ante impact evaluation of different climate change 
adaptation strategies (Antle et al., 2015b). The economic indicators used in this 
paper are as follows: farm income (INR/year), per capital income (INR/year), and 


31f there are institutional or behavioural factors that constrain adoption — such as limited access to financial 
resources and risk aversion — then this predicted adoption rate is likely to be an upper bound on the actual 
adoption rate that is observed. 
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the income-based poverty rate, defined as the proportion of the population living 
under US$1.25/day/person. The household survey and secondary data were analyzed 
and stratified based on agro-ecological conditions and parameterized in TOA-MD. 
The AgMIP DevAdapt tool was used to develop, document, and quantify narratives 
of the proposed adaptation packages for this study. 


Stakeholder engagement 


Stakeholder engagement involved several sequential and simultaneous steps involv- 
ing close collaboration among regional research teams (RRTs) and diverse sets of 
regional stakeholders from research institutions, government, private sector, and 
civil society. 

The following three groups of stakeholders were engaged in various research 
processes of the project: 


1. Government: Department of Agriculture (Andhra Pradesh), Environment 
Protection Training and Research Institute (EPTRD; 

2. Farmers: Chickpea growers in Kurnool district; 

3. Development agencies/banks: National Bank for Agriculture and Rural Devel- 
opment (NABARD). 


These groups were involved in the following: 


1. Building representative agricultural pathways (RAPs) for Andhra Pradesh; 

2. Identifying location-specific adaptation options for chickpea-based systems; 

3. Scaling-up of policy decision support systems based on integrated assessments 
following AgMIP protocols. 


Integrated Assessment Results 


Climate 


Kurnool district is located in the Rayalaseema region of Andhra Pradesh represent- 
ing semi-arid region of Andhra Pradesh state. Kurnool district receives an annual 
rainfall of 665 mm with 68% of rainfall received during the southwest monsoon 
period (June—September) and 20% of rainfall during the north-east monsoon period 
(October-December). The district shows a distinct rainfall pattern with annual rain- 
fall spread across the district ranging from 518mm to 850mm. (Fig. 5a). In the 
eastern part of the district, mean annual rainfall ranges between 700 and 850mm 
compared to 518-595 mm in the western part. The locations of sample households 
in the chickpea growing areas of Kurnool used in this study are presented in Fig. 59. 
It can be observed from Figs. 5a and 59 the sample households are well distributed 
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(a) 


Fig.5. (a) Mandal wise mean annual precipitation (mm) in Kurnool district and (b) location of sample 
households in chickpea growing areas in Kurnool district. 


across different rainfall patterns to understand how climate change impacts vary 
across different rainfall patterns (see Table 3). 

Critical analysis of climate data of the two regions (low rainfall and high rainfall 
regions) indicates that the high rainfall region receives 25% more rainfall com- 
pared to the low rainfall region with 50 rainy days in a year. Further, on average 
1.0°C higher maximum temperatures and 1.3°C lower minimum temperatures were 
recorded in the high rainfall region. 


Generation of future GCM scenarios 


We selected five GCMs that best represented the spread of climate projections for 
RCP 4.5 and RCP 8.5 climate scenarios (Fig. 6). These modeled climate changes 
captured both changes to the mean climate and changes in the variability, such as 
the number of rainy days (Fig. 6). 

Table 4 presents the selected GCMs for Kurnool district in Andhra Pradesh. 


Crop model calibration 


The CROPGRO-chickpea model available in DSSAT v 4.6 was calibrated and eval- 
uated for chickpea cultivar JG-11 using phenology, crop growth, and yield data from 
the large number of experiments carried out under AICRPP between 1999 and 2011 
at several diverse locations in India ranging in latitude, longitude, and elevation. 
The management and environmental factors evaluated in these multiplication stud- 
ies were planting dates, plant population, and row spacing in different cropping sea- 
sons. The details of calibration and evaluated are described by Singh et al. (2014). 


Climate 
ID 


Strata 1 
INAL 
INAS 
INCH 
INMA 


Strata 2 
INBA 
INDO 
INKU 
INUY 


Annual T Annual T 


max 


33.66 
33.47 
33:32 
33.74 


34.60 
34.43 
34.56 
34.35 


Table 3. Baseline climate characteristics of Kurnool district, Andhra Pradesh. 


min 


21.59 
21.40 
21.45 
21.67 


22.98 
22.81 
22.88 
22.73 


Annual 
Precipitation 


626 
648 
612 
540 


818 
786 
696 
738 


Monsoon 
Rainfall 


411 
435 
398 
337 


606 
532 
478 
465 


Annual # of 
Rainy Days 


48.3 
48.8 
43.5 
36.7 


45.8 
54.0 
45.4 
33:1 


# of Dry Days 
in Crop Season 
(Chickpea) 


131 
132 
131 
134 


132 
127 
131 
126 


Continuous 
Dry Days 


53.9 
52.2 
51.7 
56.1 


55.6 
48.0 
51.8 
48.5 


Continuous 
Wet Days 


6.0 
5.0 
6.0 
4.8 


5.9 
7.1 
4.9 
6.7 


Note: INUY: Uyyalawada; INKU: Kurnool; INDO: Dornipadu; INBA: Banaganapalle; INAL: Alur; INAS: Aspari; INCH: Chippagiri; 
INMA: Maddikera. 
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Median Quartile Distribution of Temperature Median Quartile Distribution of Temperature 
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igher warming Nandyal, Higher warming Nandyal, 


2 i h 
180-4 India India 


160 4 


Precipitation (% of Baseline) 


1404 e 
1204, seceessns e 
v 
(7) bila e fo rae a ST ae z 
z= = 
100 ~ ? teneqeest S 
1 
Li 
i 
Li 
buman “— 
a Lower warming Lower warming 
T T T T T T T T T 
0.5 1.0 1.5 2.0 2.5 3.0 1.5 2.0 2.5 3.0 
Temperature Change (°C) Temperature Change (°C) 


Fig. 6. Selection of GCMs for the study region (Kurnool district, Andhra Pradesh) using the precip- 
itation and temperature changes. 


Note: Dot in the picture represents ensemble values. 


Table 4. Selected GCMs for the study regions (Kurnool district, Andhra Pradesh). 
Climate Code Category GCMs-RCP 4.5 Climate Code GCMs-RCP 8.5 


Mid BNU-ESM C BNU-ESM 
Cool wet MRI-CGCM3 S MRI-CGCM3 
Cool dry FGOALS-g2 O MIROCS5 

Hot wet CSIRO-Mk3-6-0 W CMCC-CMS 
Hot dry CanESM2 D CanESM2 


Facaua 


The calibrated and evaluated model was used for simulation of climate change 
impacts on chickpea in the Kurnool region of Andhra Pradesh. Similarly, same 
procedure was followed for calibration of the APSIM chickpea model to develop 
cultivar coefficients for JG-11 (Fig. 7). 


Carbon, temperature, water, nitrogen tests 


Both the simulation models were subjected to standard carbon, temperature, water, 
and nitrogen (CTWN) tests as per the AgMIP RIA protocol. However, there were 
some differences in responses to CTWN observed among the two different crop 
models. Even though both the models responded similarly with respect to water, 
nitrogen, and CO», a clear difference in temperature response was observed. The 
responses shown to increased temperature were found to be more reasonable with 
respect to DSSAT than APSIM as the latter did not show much yield penalty even at 
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Fig. 7. Observed and simulated chickpea yields for baseline climate per farm (averaging yield over 
30 weather years) for (a) DSSAT and (b) APSIM; and (c) probability of exceedance. 


8°C increase in daily temperature. Response to rainfall was also observed with both 
models in strata 1 (low rainfall region which receives less than 500mm of annual 
rainfall) mostly due to the fact that in this region crops generally suffer from the 
lack of sufficient soil moisture in the later part of the growing period (Fig. 8). 


Core Question 1: What is the Sensitivity of Current Rainfed 
Fallow-Chickpea Farming System of Kurnool District to 
Climate Change? 


The future climate projections of the five climate models for RCP 8.5 and RCP 4.5 for 
the mid-century period were used to study future climate change impacts on chickpea 
yields. The APSIM and DSSAT crop simulation models simulated chickpea yields, 
enabling the analysis of crop model-based uncertainties. 

DSSAT and APSIM predicted the current period (1980-2009) yields similarly 
(R2 = 0.71). The DSSAT yield ranged from 294 kg to 2467 kg/ha, while the APSIM 
yield predictions ranged between 448 and 2006 kg/ha (Fig. 9). The responses of the 
current farming system to future climate under RCP 8.5 in strata 1 farms show 
that the DSSAT chickpea yields vary between —14% (mid) and 32.8% (cool-wet), 
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Fig. 8. CTWN test results from (a) low-input rainfed farms from strata 1 and (b) high-input irrigated 
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Fig. 9. Yield responses to temperature change and other climatic factors. 


whereas the APSIM predictions showed yield changes ranging from —8.4% (mid) 
to 45.8% (cool-wet). Similarly, in strata 2 farms the DSSAT model yield predictions 
vary between —31.2% (mid) and 12% (cool-wet), and between 7% (mid) and 17% 
(cool-wet) with APSIM. The response of chickpea under RCP 4.5 during the mid- 
century period indicates that the DSSAT predictions ranged between —7.1% (mid) 
and 19.2% (cool-wet), while the APSIM predictions ranged between —8.5% (mid) 
and 21.5% (cool-wet) in strata 1 farms. Meanwhile, in strata 2 farms the DSSAT 
prediction ranged between —23.7% (hot-dry) and 3.9% (cool-wet) and the APSIM 
predictions ranged between —2.1% (mid) and 12.4% (cool-wet). The differences 
in model responses to climate change may be attributed to the differing model 
responses to increased temperatures (Fig. 9). 


Changes in per capita income and poverty rates 


In the baseline climate scenario, there are about 27% of the farm households that 
live in the below poverty line (US$1.25/day/person, i.e., Rs. 87.50/day/person) with 
an average per capita income of about Rs. 57,076/person/year. 
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The per capita income and poverty were positively impacted across all the GCMs 
and RCPs in the APSIM model but the magnitude of positive impacts varies across 
the GCMs. The positive impact was very high in the cool-wet scenario of around 
13% and 20% for per capita income and —9% and —17% for poverty reduction 
under RCPs 4.5 and 8.5, respectively, for the APSIM model. 

In DSSAT, the per capita income and poverty were negatively impacted in hot- 
dry, hot-wet, cool-dry, and mid scenarios in both the RCPs. The higher percentage 
change in per capita income and poverty across the GCMs was in hot-dry scenario 
of about —18% and 15%, respectively, under the RCP 8.5 emission scenario. The 
magnitude was comparatively lower in RCP 4.5 of about — 12% and 5%, respectively, 
under the cool-dry scenario. 


Vulnerability of farm households to climate change 


In RCP 4.5, under the hot-dry scenario the farm households in the high rainfall 
region/strata are highly impacted by climate change when compared to the farm 
households in the low rainfall region based on the DSSAT crop model simulations. 
About 62% of the farm households in the high rainfall zone were vulnerable to 
climate change compared to the 58% in the low rainfall region. The greater vulner- 
ability in the high rainfall zone under hot-dry conditions is due to higher negative 
impacts of climate change on chickpea yields in this region. This is mainly because 
of extreme heat stress that reduced chickpea yields, even though farms have access 
to irrigation and higher inputs, such as fertilizers, compared to the low rainfall region 
farms (Table 5). 

Under the cool-wet scenario, the percentage of vulnerable farm households in 
the low rainfall and high rainfall regions is around 41% and 50%, respectively. Since 
the low rainfall zone received more rainfall under this cool-wet climate scenario, the 
water stress for post-rainy season chickpea was reduced and it increased the yield 
by 35% compared to the baseline climate. 

Based on the APSIM model, the percentage of vulnerable households was 50% 
and 42% for low rainfall regions and high rainfall regions, respectively. In the opti- 
mistic scenario of the cool-wet GCM, vulnerability was only about 38%, which is 
the lowest among all the scenarios. This is mainly attributed to higher rainfall and 
cooler temperature that favored chickpea and other crop production. 

In RCP 8.5, in the hot-dry scenario about 67% of farm households in the high 
rainfall zone were vulnerable to climate change compared to 68% in the low rainfall 
region. In the cool-wet scenario, around 47% of the farm households were vulnerable 
in the high rainfall zone and only 35% were vulnerable in the low rainfall zone 
(Table 6). 
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Table 5. Comparison of two extreme climate scenarios by farm household strata under RCP 4.5. 


% Change of Current 
system in Climate Change 


Per 
Crop Net Net Capita 
Model GCM Strata % Vulnerable Impact Returns Income Poverty 
DSSAT Hot-dry Low RF 57.2 —5.6 —7.8 —5.1 4.9 
High RF 61.9 —12.0 —16.2 —13.6 2.3 
Total 60.1 —10.5 —14.2 —10.5 3.8 
Cool-wet Low RF 40.6 8.1 11.1 T3 —8.9 
High RF 50.1 —0.1 —0.2 —0.1 =33 
Total 46.5 1.8 25 2.6 —6.6 
APSIM Hot-dry Low RF 49.9 0.1 0.2 0.1 —1.6 
High RF 42.2 8.7 11.8 9.9 —3.4 
Total 45.1 6.7 9.1 6.3 =2.3 
Cool-wet Low RF 38.3 10.1 13.9 9.1 —11.7 
High RF 38.7 13.5 18.4 15.4 =5.3 
Total 38.5 12.7 17.3. 13:1 —9.0 


Table 6. Comparison of two extreme climate scenarios by farm household strata under RCP 8.5. 


% Change of Current 
system to Climate Change 


Per 
Crop Net Net Capita 
Model GCM Strata % Vulnerable Impact Returns Income Poverty 
DSSAT Hot-dry Low RF 68.2 —15.1 —20.5 —13.5 19.3 
High RF 67.6 —19.0 —25.0 —20.9 8.5 
Total 67.8 —18.1 —24.0 —18.2 14.7 
Cool-wet Low RF 34.5 13.8 18.8 12.4 =15.9 
High RF 47.2 2.8 3.9 32 —4.0 
Total 42.4 5.4 7.3 6.6 —10.9 
APSIM Hot-dry Low RF 52.6 —2.1 —2.8 —1.9 1.2 
High RF 47.3 2.8 3.8 3.2 -1.7 
Total 49.3 1.6 2:2 1.3 0.0 
Cool-wet Low RF 25.2 27.8 37.4 24.6 —24.2 
High RF 37.7 14.8 20.1 16.8 —6.7 


Total 32.9 17.8 24.1 19.6 —16.9 


414 S. Nedumaran et al. 


Net economic impacts 


In RCP 4.5, the average net economic impact (—12%) due to climate change was 
higher for farms in the high rainfall zone compared to the low rainfall zone (—6%) for 
DSSAT and under the most pessimistic climate scenario (i.e., the climate scenarios 
with lowest relative yields for crops and highest percent of vulnerable population). 
Based on the APSIM crop model predictions, the net impacts are positive for both 
the extreme climate scenarios. In RCP 8.5, the net economic impact was about 19% 
for the high rainfall region farm households compared to 15% for the low rainfall 
region farmers. 


Per capita income and poverty 


In RCP 4.5, the per capita income was reduced by 14% for the high rainfall region and 
by 5% for the low rainfall region farm households in the hot-dry climate scenario. 
This increased poverty by 2% and 5% in the high and low rainfall region farm 
households, respectively. But in the cool-wet favorable climate scenario, there is 
not much change in the per capita income for high rainfall region farm households 
but for the low rainfall zone the per capita income increased by 7%. This reduced 
poverty by 9% compared to the current climate conditions (Table 7). 

In RCP 8.5, the per capita income was reduced by 21% for high rainfall region 
farms. This increased poverty by only 9%. In contrast, a reduction of 14% in per 
capita income of low rainfall region farms increased the poverty level to 19% in the 
hot-dry scenario (Table 7). 

This RIA provides a number of insights into the potential impacts of climate 
change and adaptation on fallow-chickpea farming system in South India. First, all 
the climate models predict a higher temperature (warmer) in Kurnool district of 
Andhra Pradesh compared to the current climate; and the higher emission scenarios 
are warmer than lower emission scenarios. The climate models predict more precip- 
itation in wet climate scenarios and lower precipitation in drier scenarios compared 
to current levels in the crop growing season (post-rainy season — June to November) 
in both emission scenarios. 

The study finds that the projected climate change in rainfed farming in Kurnool 
district of Andhra Pradesh in South India negatively impacts the fallow-chickpea 
farming system in pessimistic climate scenarios (hot-dry) and positively impacts in 
optimistic climate scenarios (cool-wet). But the negative impacts of climate change 
are comparatively higher in high rainfall region than low rainfall regions of Kurnool. 
This is because the future predicted increase in precipitation in the low rainfall region 
increases the chickpea yields significantly compared to current level and offsets the 
impact due to high temperature. More precipitation in post-rainy season in the future 


Table 7. Proportion of vulnerable households, net economic impacts, percent change in farm net returns, per capita income, and poverty rate due 
to climate change, across the current farming system in Kurnool district. 


% Change of Current System to Climate Change 


RCP GCM % Vulnerable Net Impact Net Returns Per capita Income Poverty 
APSIM DSSAT APSIM DSSAT APSIM DSSAT APSIM DSSAT APSIM  DSSAT 
4.5 Mid 50.8 61.2 2.0 —10.7 2.7 —14.5 1.1 —11.0 4.1 5.6 
Hot-dry 45.1 60.1 6.7 —10.5 9.1 —14.2 6.3 —10.5 —2.3 3.8 
Cool-dry 43.6 61.3 8.0 —11.9 10.9 —16.0 7.8 —11.8 —3.9 5.2 
Cool-wet 38.5 46.5 12:7 1.8 17.3 2.5 13.1 2.6 —9.0 —6.6 
Hot-wet 42.2 56.6 10.1 —6.4 13.8 —8.8 9.9 —6.6 —4.1 2.0 
8.5 Mid 50.7 67.2 0.7 —17.1 0.9 —22.9 0.2 —17.4 2.0 14.3 
Hot-dry 49.3 67.8 1.6 —18.1 2.2 —24.0 1.3 —18.2 0.0 14.7 
Cool-dry 38.3 55.9 11.6 —6.5 15.7 —8.9 12.5 —6.4 —10.6 1.0 
Cool-wet 32.9 42.4 17.8 5.4 24.1 13 19.6 6.6 —16.9 —10.9 
Hot-wet 38.7 64.9 11.3 —15.5 15.4 —20.8 12.1 —15.5 —9.9 9.2 
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increases soil moisture and decreases the risk of drought situation in the low rainfall 
region. 

As a result, this assessment concludes that the majority of fallow-chickpea- 
based farm households are vulnerable (64% in warmer climate and 48% in wet 
climate) to climate change under current production systems. In addition, the results 
show evidence of heterogeneity in climate impacts across Kurnool district. In the 
pessimistic climate scenarios for chickpea yields (hot and dry), the farm households 
in the high rainfall regions are considerably more vulnerable than farms in the low 
rainfall regions. This is because the negative impacts on chickpea yields in warmer 
climate scenarios decrease farm net returns by a larger margin in the high rainfall 
regions than the low rainfall regions. 


Core Question 2: What Are the Benefits of Current Climate-Smart 
Adaptation Strategies in Current Rainfed Farming System 
in the Region? 


Current climate adaptation package 


To reduce the impact of variation in current climate change on chickpea productivity, 
possible adaptation options were framed based on discussions with stakeholders. 
Since the agricultural production system in the regions is mostly rainfed and is 
affected by the variability and distribution of monsoon rainfall, we designed the 
adaptation package to be “climate-smart” with the goal of making the production 
systems more resilient to changing climate. 

The adaptation package is a combination of different biophysical and socio- 
economic interventions. It includes the use of new crop cultivars (short duration, high 
yielding), introduction of new crop in the kharif season (foxtail millet) to increase the 
system productivity, and provision of critical irrigation through harvested rainwater. 
It also includes reduction in the cost of production as a result of efficient application 
of fertilizer as per scientific recommendations, and use of mechanical harvesters to 
reduce harvesting costs (Table 8). 


Crop response to adaptation options 


In the low-rainfall region, yields were limited by the lack of sufficient soil moisture 
during the crop growth season and also the length of the post-rainy season growing 
period was shorter (90-100 days maximum). In the current baseline simulations, 
the crop suffered moisture stress during the pod-filling stage. Hence, the adaptation 
options were targeted to overcome these problems: Providing one critical irrigation 
at 60 days after sowing (DAS) using water collected in the farm ponds through 
sprinkler irrigation and adopting a short duration cultivar were tried as adaptation 
options in this region. The results were very encouraging. Both the models predicted 


Components 


Biophysical 


Socio-economic 


Table 8. Adaptation package under current climate. 


Key Drivers 


Stratal: Low Rainfall Region 


Short duration chickpea cultivar 
One critical irrigation during the vegetative and maturity 


stages of the crops 
Recommended level of fertilizer use (20kg N) 


Reduced fertilizer cost (The average fertilizer cost of 
chickpea in Kurnool is Rs. 4675/ha, which is 19% of the 
TVC). We reduce the fertilizer cost by Rs. 1558/ha for each 


survey farms 
Mechanical harvesting of chickpea 
Cultivation of new crop (foxtail millet) in the kharif season 


instead of keeping the land fallow before cultivating 
chickpea. We assumed 50% of chickpea area will be 
cultivated by foxtail millet by the farmers 


Note: See Appendix for additional modifications made to cultivar and species file. 


Strata 2: High Rainfall Region 


e High-yielding chickpea cultivar with drought-tolerant traits 


(NBeG-3) 
e Recommended level of fertilizer use (20kg N) 


e Reduced fertilizer cost (The average fertilizer cost of 
chickpea in Kurnool is Rs. 4675/ha, which is 19% of the 
TVC). We reduce the fertilizer cost by Rs. 1558/ha for each 


survey farms 
e Mechanical harvesting of chickpea 
e Cultivation of new crop (foxtail millet) in the kharif season 


instead of keeping the land fallow before cultivating 
chickpea. We assumed 50% of chickpea area will be 
cultivated by foxtail millet by the farmers 
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Fig. 10. Crop response to adaptation options in the current farming system. (a) Strata 1: low rainfall 
region and (b) strata 2: High and medium rainfall region. 


higher yields under these adaptation options (63% increase with APSIM and 60.3% 
with DSSAT). 

In the medium-to-high rainfall region, sufficient soil moisture is available for the 
post-rainy season crop. Farmers also provide two to three irrigations as and when 
required. Hence, we promoted a high-yielding cultivar. Simulation results indicate a 
38.2% yield increase with APSIM and 23.6% yield increase with DSSAT (Fig. 10). 


Economic impacts 


Table A. 1 in the Appendix provides the key economic parameters for the baseline and 
adapted systems by strata. A new small millet crop was introduced into the system that 
could be grown in the kharif season followed by chickpea in the same fields. In the 
adapted system, the foxtail millet increases the net farm income of the households by 
Rs. 22,374 and Rs. 29,647 for the low and high rainfall regions, respectively. 


DSSAT 


The TOA-MD economic model predicts that about 80% of the farm households 
adopt the new climate-smart adaptation package compared to the existing current 
farming practices (Table A.1 in the Appendix). The impacts of adaptation differ 
across the strata. The adoption level is around 86% for low rainfall farms and 76% 
for high rainfall farms. The per capita income would increase by 68% across all 
the farm households (96% for the low rainfall region farms and 51% for the high 
rainfall region farms). The change in poverty is higher in the low rainfall region 
compared to the high rainfall region. By adopting the adaptation package, poverty 
will be reduced by 51% in the low rainfall zone and 38% in the high rainfall region 
(Table 9, Fig. 11) compared to the current system. 


Table 9. Potential adoption rate of the new production system, net returns per farm, per capita income, and poverty rate under base and adapted systems 
by strata and crop models. 


Net Return per Farm (Rs) Per Capita Income (Rs) Poverty (%) 

Without With Without With Without With 
Crop Model Strata Adoption Rate (%) Adaptation Adaptation Adaptation Adaptation Adaptation Adaptation 
DSSAT Low_RF* 85.5 162206.5 322231.4 48842.5 83075.8 30.9 15.6 
DSSAT High_RF* 75.7 286551.8 456872.0 745 10.8 111762.8 22.8 14.1 
DSSAT Total 79.5 236882.0 380438.5 61676.7 92865.0 26.8 16.4 
APSIM Low_RF 90.5 132924.5 275003.1 42578.3 72972.5 31.5 15.8 
APSIM High_RF 778 284797.2 438915.7 74127.1 107835.4 22.8 14.9 
APSIM Total 82.6 224131.6 358258.4 58352.7 87475.9 27.2 16.1 


Note: *Low_RF: Strata of mandals receiving less than 500 mm rainfall; and high_RF: Strata of mandals receiving between 700-800 mm annual rainfall. 
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Change in poverty level after adaptation 


low_RF high_RF Total 


mDSSAT BAPSIM 


Fig. 11. The change in poverty rate (%) between current and adapted systems by strata of the DSSAT 
and APSIM crop models. 


Note: Low_RF: Strata of mandals receiving less than 500mm annual rainfall; and high_RF: Strata of 
mandals receiving between 700 and 800mm annual rainfall. 


APSIM 


About 82% of households adopt the new climate-smart adaptation package across all 
farms in the study region (Table A.1 in the Appendix). The adoption level of the new 
systems by low rainfall region farms was about 90%; it was 78% for the high rainfall 
region farms. By adopting the adaptation package, poverty will be reduced by 50% 
in the low rainfall zone and by 35% in the high rainfall region (Table 9, Fig. 11). 

By adopting the current “climate-smart’” adaptation package, some large per- 
centage of farm households in the current fallow-chickpea-based farming system 
will move from vulnerable to resilient farm households. Intervention include pro- 
moting location-specific variety based on the length of growing period (LGP) (short 
duration variety in low rainfall region and medium duration variety in high rainfall 
region), providing critical irrigation using harvested rainwater, and ensuring that 
the recommended fertilizer application rates are followed. Introduction of new crop 
(foxtail small millet) in the kharif season to enhance the system productivity and 
adoption of mechanical harvesting to reduce harvesting cost are also expected to 
improve chickpea yields under current climate. 

The results from the analysis indicate that about 80% of farm households would 
benefit from adoption of the intervention package. The increase in chickpea yields, 
reduction in the cost of production, and additional returns from new crop in the kharif 
season lead to increases in farm net returns for households across all the farms in 
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Kurnool region. By increasing a farm’s net returns, the intervention is expected to 
increase the per capita income and decrease the poverty rate. 


Core Question 3: What Is the Impact of Climate Change on Future 
Fallow-Chickpea Farming System? 


To study the impacts of climate change on the future agricultural production sys- 
tems, it is important to define the how current farming system may change as they 
undergo further development. To guide researchers and stakeholders for develop- 
ing and testing plausible future conditions and pathways, RAPs, (Valdivia ef al., 
2015) have been developed as a part of the AgMIP RIA of agricultural systems. 
RAPs provide different possible future states of the world with climate change and 
non-climate change variables, such as bio-physical, technological, institutional, and 
socio-economic conditions, that cannot be tested in a real-world context. 


RAPs for Andhra Pradesh, India 


Two RAP workshops were held with stakeholders — one at the ICRISAT and the 
other at the Regional Agricultural Research Station in Nandyal. The first RAP work- 
shop was conducted in April 2016 to identify variables and their pathways for RAP 
2 (Business-as-Usual (BAU)) and agree on the pathways and their magnitudes. The 
second RAP workshop was conducted in August 2016 to finalize RAPs 4 and 5 
based on the national RAPs developed in May 2016 and the validity/applicability 
of variables identified at the national RAP workshop was checked. 


RAP 2: Agricultural pathways of Andhra Pradesh under BAU (continuation 
of current trends) 


Following current trends, under the global shared socio-economic pathway (SSP) 
scenario (SSP 2) (O’Neill et al., 2014), there will be a medium increase in agricul- 
tural production and yields, powered by a moderate increase in the availability of 
new technologies, a slight increase in resource use efficiency, and slightly reduced 
production and post-harvest losses. Although input (fertilizer and electricity) subsi- 
dies decrease moderately due to increased demand-supply gap and dependence on 
imports, continued minimum support prices (MSPs) to major water-intensive crops 
will constrain the increase in efficiency of input use to only slight to moderate extent. 

Subsidy cuts help in curtailing the unwarranted/excessive utilization of the inputs 
as they lead to increase in the market price of the inputs. If the desired curtailment in 
usage of inputs is not achieved, then the gap between domestic supply and demand 
is then met through imports. However, such populistic policy changes are difficult 


422 S. Nedumaran et al. 


to be implemented in the short run as they have long- term implications for the 
governments in power. 

Consistent efforts by past and present governments, international conventions 
(like Voluntary Guidelines on the Responsible Governance of Tenure of land, fish- 
eries and forests (VGGT)), and efforts to develop institutional capacities of commu- 
nities for collective action are likely to slightly improve security of land tenure and 
facilitate moderately improved access of smallholder farmers to irrigation water and 
agri-food value chains. The limited increase in agricultural production is also facil- 
itated by improved rural and agricultural infrastructure and services but constrained 
by further decline in soil health and groundwater availability and quality. 


RAP 4: Inclusive pathway towards “Swarna” Andhra Pradesh 


Swarna Andhra Pradesh is a scenario where the state adopts a Sustainable Devel- 
opment Pathway (SDP). Andhra Pradesh continues in the progressive path of suc- 
cessfully implementing the National Mission on Sustainable Agriculture coupled 
with reforms in key sectors, such as energy, land, and water, that are crucial for 
sustainable intensification in agriculture. The primary mission is a holistic approach 
that includes economic and ecological objectives to enhance the productivity of all 
sectors and the incomes of the farm households across the state. This will promote 
the adoption of resource-efficient technologies and practices for production and 
post-harvest handling. 

The state will experience inclusive growth enabled by the improved access to 
financial services for a large number of smallholder farmers through Self-Help 
Groups (SHGs) and other collective actions, such as farmer producer companies 
and cooperatives. An ecosystem service-based governance of natural resources will 
ensure environmental sustainability (IPBES, 2018). In general, the state government 
investments on public health, education, skills development, and rural infrastructure 
will slow population growth rate and improve household welfare. 


Key drivers: Chickpea crop simulation using the RAP 4 parameters 


To model chickpea yields in the future farming system as envisioned by RAP 4 
“Swarna” Andhra Pradesh, the following parameters are defined in Table 10. The 
key drivers used to develop the future production systems in Kurnool district in RAP 
4 (sustainable pathways) are presented in Table 11, The socio-economic and policy 
drivers include household characteristics, such as household size, farm size, off- 
farm income, livestock indicators, fertilizer subsidies and prices, access to formal 
credits, MSPs, and electricity subsidies. Under RAP 4, the 40% fertilizer subsidy 
increases the fertilizer price which puts a check on the excessive fertilizer application 
rates by the farmers and ensures that they apply the recommended level of fertilizer. 
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Table 10. Quantification of parameters for the chickpea crop model under RAP 4 across different 
strata. 


Quantification 
Parameters Strata 1 Low Rainfall Zone Strata 2 High Rainfall Zone 
Genetics yield boost 15% increase 15% increase 
Manure 5 tonnes/ha 3 tonnes/ha 
N application 20 kg/ha 20 kg/ha 


Irrigation 2 irrigations @ 40mm each sprinkler 4 irrigations @ 40mm each sprinkler 


Table 11. The key drivers in RAP 4. 


RAPs Key Variables Direction Magnitude 
Farm size Increase 10% 
Household size Decrease 30% 
Off-farm income Increase 60% 
Herd size Decrease 10% 
Access to formal credit Increase 30% 
MSP Disappear 100% 
Electricity subsidy Decrease 70% — slow disappear 
Fertilizer subsidy Decrease 40% 
Micro-irrigation subsidy coverage Increase 50% 
Fertilizer price Increase 25% 
Irrigation efficiency Increase 40% 
Mechanization Increase 30% 
Crop yields Increase 20-25% 
New cultivars(improved) Increase 50% 


Household size and farm size decrease, respectively, by 30% and 10%, while non- 
agricultural income increases by 60%. 


RAP 5: Unsustainable pathway towards “Dead End” 
Andhra Pradesh 


Increased population growth and growing demand for food and fuel coupled with 
lower research and development investment from the state Government in develop- 
ing resource-efficient and high-yielding technologies will lead to overexploitation 
of land and water resources. There will be low adoption of productivity-enhancing 
technologies due to limited access to financial services. Slow and ineffective reform 
processes in energy, water, and land tenure lead to highly inequitable distribution 
of resources. Inadequate infrastructure and low skill levels in rural areas lead to 
high post-harvest losses and lower opportunities for non-farm employment, which 
further reduce household income. Low investment in health and education in rural 
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areas lead to migration of unskilled labour to urban areas, increasing poverty and 
nutrition insecurity. 


Key drivers: Chickpea crop simulation using the RAP 5 parameters 


The parameters in Table 12 are used to simulate chickpea yields for the low and high 
rainfall zones in the future production systems. In RAP 5, the farmers provide at 
least one irrigation in the low rainfall region and two irrigations in the high rainfall 
region with a recommended fertilizer level of 30kgN per ha. 

The key drivers used to develop the future production systems in Kurnool district 
in RAP 5 (unsustainable pathway) are given in Table 12. In the RAP 5 Unsustain- 
able Development Pathway, the key socio-economic and policy variables differ in 
direction and magnitude compared to RAP 4. The farm size in RAP 5 decreases by 
20% and household size increases by 10% (Table 13). The increase in population 
in the region results in reduction in the average farm size, due to which people tend 
to cultivate smaller fields as there are low economic opportunities in the nearby 


Table 12. Key drivers in RAP 5. 


RAPs Key Variables Direction Magnitude 
Farm size Decrease 20% 
Household size Increase 10% 
Off-farm income Decrease 10% 
Herd size Increase 20% 
Access to formal credit Increase 15% 
MSP Increase 10% 
Electricity subsidy Decrease 15% 
Fertilizer subsidy No Change No Change 
Micro-irrigation subsidy coverage Decrease 10% 
Fertilizer price Increase 30% 
Irrigation efficiency Decrease 20% 
Mechanization Increase 10% 
Crop yields Decrease 5% 
New cultivars (improved) Increase 10% 


Table 13. Quantification of parameters for the chickpea crop model simulations under RAP 4 across 
different strata. 


Quantification 


Parameters Strata 1: Low Rainfall Zone Strata 2 High Rainfall Zone 
Genetics yield boost 15% increase 15% increase 
N application 30kg/ha 30kg/ha 


Irrigation 1 irrigation @ 40mm each sprinkler 2 irrigations @ 50 mm each sprinkler 


Regional Integrated Assessment of Climate Change Impacts on the Rainfed Farming System 425 


towns. The fertilizer subsidy will not change compared to current conditions but 
the electricity subsidy decreases by 15%. The non-agricultural income decreases 
by 10% compared to current levels because of low investment in the industrial and 
service sectors. Using these key variables, we have developed a future production 
simulation system to assess the impact of climate change on these potential future 
pathways for Andhra Pradesh. 

The DSSAT responses of the future system to future climate change under RAP 4 
(RCP 4.5) in low rainfall farms show that the chickpea yield changes vary between 
—13.2% (mid) and 17.8% (cool-wet), whereas the APSIM predictions showed yield 
changes ranging between —11.0% (mid) and 19.9% (cool-wet). Similarly, in high 
rainfall farms the DSSAT model yield predictions vary between —18.8% (mid) and 
2.8% (cool-wet) and APSIM varies between 5.74% (mid) and 13.6% (cool-wet). 

The responses of chickpea under RAP 5 (RCP 8.5) during the mid-century 
indicate that the DSSAT predictions ranged between —21.3% (mid) and 25.9% 
(cool-wet), while the APSIM predictions ranged between —11.2% (mid) and 48.6% 
(cool-wet) in low rainfall farms. In high rainfall zones, the DSSAT predictions ranged 
between —28.6% (mid) and 10.3% (cool-wet), while the APSIM predictions ranged 
between —8.5% (mid) and 31.5% (cool-wet) (Fig. 12). 

Even though both the crop models showed the same trends in climate change 
responses, the magnitude of yield changes between the crop models is quite different. 
The APSIM model’s positive responses to the cool-wet scenario are quite high 
compared to those of DSSAT, as the APSIM model was found to be less sensitive 
to high temperatures. 


Economic analysis 


The global economic model International Model for Policy Analysis of Agricultural 
Commodities and Trade (IMPACT) provided national price and yield projections 
for important crops under different climate change and socio-economic scenarios. 
Table 14 provides price and yield trends of chickpea, sorghum, rice, and milk under 
no climate change and climate change conditions. The price and yield trends are 
used to characterize the future farming system under no climate change and with 
climate change assumptions in Kurnool district (Tables 14 and 15). 


RAP 4 (Swarna Andhra Pradesh) 
System I characterization in RAP 4 


Table A.2 in the Appendix summarizes parameters for system 1 in the future system. 
The variables are changed based on the RAP 4 narrative and direction of changes 
and the crop models simulated future yields in the future systems. 
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Fig. 12. Impact of climate change on crop. 


Table 14. Price and yield trends for India under no climate change and with climate change scenarios 
from global economic model used in RAP 4. 


Chickpea Sorghum Rice Milk 


Price Yield Price Yield Price Yield Price Yield 
Scenario Trend Trend Trend Trend ‘Trend Trend Trend Trend 


Without climate change 1.21 2.25 1.39 1.65 1.10 1.21 1.21 3.04 
With climate change 1.37 Not 1.63 Not 1.35 Not 1.23 Not 
needed needed needed needed 


Relative yields of chickpea in RAP 4 


The relative yields of chickpea in the future production system under climate change 
vary across the GCMs for both the low rainfall and high rainfall region farms 
(Fig. 13). The DSSAT model projected yield reductions in the mid, hot-dry, and 
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Table 15. Price and yield trends for India under no climate change and with climate change scenarios 
from global economic model used in RAP 5. 


Chickpea Sorghum Rice Milk 


Price Yield Price Yield Price Yield Price Yield 
Scenario Trend Trend Trend Trend Trend ‘Trend Trend Trend 
Without climate change 1.52 2.23 1.53 1.56 1.46 1.20 1.12 2.92 


With climate change 1.79 Not 1.82 Not 1.97 Not 1.14 Not 
needed needed needed needed 
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Fig. 13. Relative yields of chickpea in different GCMs and strata in RAP 4. 


cool-dry scenarios and increased yield in the cool-wet and hot-wet scenarios for 
both regions. The APSIM model projected yield decreases only in the mid scenario 
and yield increases in all other climate scenarios. 


Price sensitivity analysis 


Based on the AgMIP protocol, we have estimated the commodity prices for Systems 
1 and 2 in a high price and a low price scenario. The price increase for chickpea 
due to climate change was around 13% (Table 16). In the low price scenario, we 
used the current period price for System 1, which is without climate change and the 
relative price under climate change was increased by 1.13. 
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Table 16. Chickpea prices (Rs/kg) under high and low price 
scenarios for different strata. 


High Price Scenario Low Price Scenario 


Strata System 1 System2 System1 System 2 
Low rainfall 42.31 47.94 35.07 39.74 
High rainfall 46.43 52.61 38.49 43.61 


Average 44.37 50.275 36.78 41.675 


Impacts of climate change by GCMs and crop models for all 
farm households in the regions 


The impacts of climate change under the SDP with high and low price assumptions 
for aggregate farm households in the regions are presented in Table 17, Vulnerabil- 
ity, net impacts, and poverty rate vary much more between climate scenarios than 
between high and low price assumptions for both the crop models. 


Vulnerability of farm households to climate change in future 
production system 


Under the SDP of RAP 4 “Swarna Andhra”, the vulnerability of households was 
reduced slightly compared to current production. The crop model DSSAT predicted 
higher vulnerability than APSIM. Vulnerability is high in the hot-wet climate sce- 
nario (about 62% and 47% in DSSAT and APSIM, respectively, in the high price 
scenario). In the low price scenario, vulnerability is high in the hot-wet climate 
scenario for DSSAT of about 62% and 48% in the mid climate scenario for APSIM. 


Net economic impacts 


Net economic impacts of climate change on future production systems were small. 
Gains and losses ranged between —9% and 17%. Net economic impact is positive 
in all the climate scenarios for APSIM with both high and low price assumptions. 
But DSSAT showed decreased net impact for hot-wet, hot-dry, and mid climate 
scenarios in both price scenarios. 


Per capita income and poverty 


In both the price scenarios, per capita income increased and poverty decreased in 
APSIM but in DSSAT per capita income decreased for hot-dry, hot-wet, and mid 
climate scenarios and increased for the cool-wet scenario. Table 17 shows that in the 
optimistic climate scenario (cool-wet), the per capita income increase is low (7.5%) 
in the low price scenario compared to the high price scenario (9.5%) but percent 


Table 17. Percentage of vulnerable households, net economic impacts, and percentage change in net returns, per capita income, and poverty for high and 
low price scenarios in RAP 4 (Swarna Andhra Pradesh). 


High price Low price 
Change Change in Change Change in 
Crop Net inNet Change Poverty Net inNet Change poverty 
Model GCMs % Vulnerable Impact Returns in PCI* Rate % Vulnerable Impact Returns in PCI* Rate 
DSSAT Mid 58.7 —4.8 —6.5 —5.6 —1.6 61.8 —7.8 —10.7 —8.8 1.6 
Hot-dry 57.3 —5.1 —7.0 —5.5 —1.6 58.9 —6.4 —8.7 —6.9 =1.1 
Cool-dry 47.8 0.4 0.5 0.8 —4.0 51.1 —1.4 —2.0 —1.3 —6.4 
Cool-wet 35.4 7.4 10.0 9.5 —8.8 37.6 5.9 8.0 TS =12,1 
Hot-wet 61.7 —7.8 —10.7 —8.7 0.1 62.0 —8.5 —11.6 —9.4 0.8 
APSIM Mid 47.8 1:5 2.0 1.6 —1.3 48.9 0.9 1.2 0.9 =1.7 
Hot-dry 37.6 6.8 9.3 8.3 —5.9 39.3 6.0 8.3 7.2 —6.5 
Cool-dry 37.6 6.7 9.2 8.2 —5.9 35.7 8.3 11.3 9.8 —10.0 
Cool-wet 37.8 5.5 7.4 T2 —8.6 30.3 13.3 18.0 15.8 —11.6 
Hot-wet 47.0 0.9 1.2 1.4 —3.8 35.9 8.5 11.6 10.1 —7.8 


Note: *Per capita income. 
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change in poverty is higher (12%) in the low price scenario than in the high price 
scenario (9%). 


Impacts of climate change on vulnerability, per capita income, 
and poverty by strata 


The highest vulnerability for low rainfall zone households is in mid climate scenario 
(~60%) and the lowest vulnerability (~26%) was predicted by the cool-wet scenario 
for DSSAT (Table 18). But for high-rainfall region farm households, the highest 
vulnerability is in the hot-wet climate scenario with about 65%, while it is 42% for 
the optimistic cool-wet scenario. Overall, the high rainfall region farms are more 
vulnerable to climate change in the future production system than the low rainfall 
region. 

This is because the low rainfall farmers in this future production system have 
started providing irrigation to chickpea farms and applying higher fertilizer lev- 
els when compared to the current production system. This reduces the risk of 
crop yield reduction during moisture stress. But in the high rainfall region, farm- 
ers have already intensified the current production system and there is only a 
marginal increase in yield due to genetic gains and management. So, climate change 
impacts, especially heat stress, are predominately experienced on chickpea crop 
yields. 

In the low price scenario, the vulnerability of the low-rainfall region is slightly 
higher compared to the high price scenario (Table 18). But the percentage reduction 
in poverty is higher in the low price scenario in both the crop models, especially in 
the favorable climate scenario (cool-wet). There is no significant change in poverty 
in the high rainfall regions in both extreme climate scenarios. The percent change 
of per capita income is higher in the low price scenario when compared to the high 


Table 18. The vulnerability, change in per capita income, and poverty by strata in two extreme climate 
scenarios. 


High Price Low Price 
Per Per 
Capita Capita 
Strata CM GCMs % Vulnerable Income Poverty % Vulnerable Income Poverty 
Low DSSAT Mid 59.8 —4.7 2.8 60.3 -5.3 3.) 
rainfall Cool-wet 25.6 15.2 —13.7 28.1 12.6 —14.3 
APSIM Mid 49.6 0.2 —1.0 49.9 0.0 —1.2 
Cool-wet 27:5 12.9 —13.5 23.5 17.9 —16.9 
High DSSAT  Cool-wet 41.4 6.5 —3.0 43.5 4.9 —9.3 
rainfall Hot-wet 64.7 -11.6 —0.6 64.1 —12.0 —0.6 
APSIM Cool-wet 44.2 4.3 —2.8 34.5 14.7 —4.7 


Hot-wet 49.8 0.2 —2.1 38.5 9.8 —3.9 
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price scenario. This is because the future production system under no climate change 
had a lower base compared the high price scenario. 


RAP 5 Dead End Andhra Pradesh 


Table A.3 in the Appendix summarizes parameters for System 1 (without climate 
change) in the future. The variables are changed based on the RAP 5 narrative and 
the crop models simulated future yields both with and without climate change in 
the future systems. 


Relative yields of chickpea in RAP 5 


The high-level emission scenario RCP 8.5 is considered in RAP 5, so the chickpea 
yields for RAP 5 are simulated using the RCP 8.5 weather parameters and the RAP 5 
chickpea crop and management parameters presented in Table A.3 in the Appendix. 

The relative yields of chickpea compared to baseline (current climate) vary across 
the GCMs and the low and high rainfall strata (Fig. 14). The pessimistic climate 
change scenarios — hot-dry, cool-dry, and hot-wet — have negative impacts and the 
optimistic cool-wet scenario has a positive impact using the DSSAT model. A similar 
trend is observed in the APSIM crop model results for both strata of farm households 
but the magnitude of the projected changes is more positive than in DSSAT. This 
means the impact of climate change predicted by APSIM is comparatively lower 
than DSSAT. 


Relative yield in RAPS 
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Fig. 14. Relative yields of chickpea in different GCMs and strata in RAP 5. 
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Impacts of climate change by GCMs and crop models for all farm households 
in the region 


The impacts of climate change under the Unsustainable Development Pathway 
(RAP 5) with high and low price assumptions for aggregate farm households in the 
regions are presented in the Table 19. The vulnerability, net impacts, and poverty 
rate vary greatly between climate scenarios and price assumptions for both the crop 
models. 


Vulnerability of farm households to climate change in the future 
production system 


Under RAP 5 (Dead End Andhra Pradesh), the vulnerability of households is slightly 
higher than in the RAP 4 (Swarna Andhra Pradesh) scenario. Among the crop 
models, DSSAT predicted higher vulnerability than APSIM. The vulnerability is 
high in mid and hot-dry climates, about 65% and 45% in DSSAT and APSIM, 
respectively, in the high price scenario. In the low price scenario, vulnerability is 
high in both mid and hot-dry climate scenarios under the high price assumption 
for DSSAT. The TOA-MD economic model predicted that 68% and 49% of the 
farm households are vulnerable in the mid climate scenario for APSIM and DSSAT, 
respectively. The vulnerability is higher in the low-price scenario compared to high 
price scenario. 

In the optimistic climate scenarios, the vulnerability is around 28% in DSSAT 
and 21% in APSIM in the low price scenario, and about 35% and 25% in DSSAT 
and APSIM, respectively, in the high price scenario. 


Net economic impacts 


Net economic impacts of climate change on future production systems under RAP 
5 (Dead End Andhra Pradesh) vary across the GCMs and crop models. In DSSAT 
under the high price scenario, the net economic impact is negative for pessimistic cli- 
mate scenarios (hot-dry and mid) of about —9% and — 10%, respectively (Table 19). 
But in the cool-wet scenario, the net impact is positive, around 12%. But based on 
the APSIM model, the economic model predicts that in all the climate scenarios the 
net impact will be positive ranging from 2% to 26%. In the low price assumption 
scenario, the trend is the same as in the high price scenario but the magnitude of 
change is comparatively lower than in the high price scenario. 

In the sustainable future production systems (RAP 4), crop models predict that 
chickpea yields under future management (as developed for each RAP) are nega- 
tively impacted by climate in warmer climate scenarios and positively impacted in 
wet climate scenarios. 


Table 19. Percentage of vulnerable households, net economic impacts, and percentage change in net returns, per capita income, and poverty for high 
and low price scenarios in RAP 5 (Dead End Andhra Pradesh). 


High price Low price 
Change Changein Change in Change Changein Change in 
Crop Net in Net Per Capita Poverty Net in Net Per Capita poverty 
Model GCMs % Vulnerable Impact Returns Income Rate % Vulnerable Impact Returns Income Rate 
DSSAT Mid 66.2 —9.6 13.1 —11.9 9.3 65.4 —10.9 —14.8 —13.2 9.6 
Hot-dry 65.2 —9.1 -12.4 —11.3 8.1 52.7 1.0 1.3 0.7 2.4 
Cool-dry 50.6 —1.5 —2.0 —1.6 =3.5 43.6 6.6 9.0 7.7 —5.5 
Cool-wet 28.9 12.4 16.7 15.9 —18.1 35.4 7.8 10.6 9.9 —11.3 
Hot-wet 60.4 —6.8 —9.4 —8.4 2.8 61.2 —8.1 —11.1 —9.7 6.0 
APSIM Mid 46.3 2.0 2T 2.5 =2.5 48.9 0.6 0.9 0.8 —0.7 
Hot-dry 44.3 4.3 4.6 4.1 —8.5 42.1 4.5 6.2 5.6 —6.2 
Cool-dry 25.6 17.3 23.3 21:7 —18.6 30.9 13.2 18.0 16.3 —13.6 
Cool-wet 21.0 26.7 35.5 33.3 —26.4 25.6 20.3 27.3 24.9 —20.4 
Hot-wet 26.5 16.0 21.6 20.2 —17.6 19.9 215 36.2 31.8 —18.8 
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The aggregate economic impacts of climate change on future production sys- 
tems are predicted to be positive for wet climate scenarios, i.e., less than 50% of 
households are vulnerable to climate change in the future production systems. But 
the warmer climate scenarios predicted negative impacts of climate change on the 
future production system also (more than 60% of farm households are vulnerable). 
But comparatively a low percentage of farm households are vulnerable in future 
than current production systems. Even though, warmer climate scenarios reduce 
chickpea yields, it does not necessarily lead to negative economic impacts because 
prices in climate change scenarios are predicted to be higher than prices in scenarios 
without climate change, thereby offsetting the negative climate impacts on yield. 


Core Question 4: What Are the Benefits of Climate Change Adaptation 
Strategies for Future Rainfed Chickpea-Based Farming System? 


Future adaptation package 


Similar to the current climate adaptation package, we developed adaptation packages 
tailored to each stratum considering the future production systems, climate change, 
and the socio-economic and bio-physical conditions established in the RAPs. The 
adaptation packages mainly include genetic productivity increases through incorpo- 
rating drought- and heat-tolerant traits into the high-yielding varieties of chickpea. 

In RAP 4, the SDP with increased investment in R&D in India both nationally 
and regionally, there is a possibility to incorporate abiotic stress-tolerant traits in 
high-yielding varieties of chickpea. So, under RAP 4, we included high-yielding 
varieties of chickpea with drought- and heat-tolerant traits. The adaptation package 
also includes 5 tonnes/ha of manure application for chickpea in both regions. Another 
component of the adaptation package is the application of irrigation of 90 mm three 
times with micro-irrigation facilities by farms in the high rainfall region and 50mm 
four times using micro-irrigation facilities in the low rainfall region (Table 20). 

In RAP 5, the unsustainable pathway with limited investment in R&D by national 
and state governments, there is a limited possibility of developing an improved 
variety of chickpea with all the abiotic stress tolerance traits. So, in RAP 5 we 
introduced only a yield boost cultivar with 15% higher yields than the existing 
current variety. With no change in fertilizer subsidies in RAP 5, farmers will apply 
30 kg/ha of nitrogen for chickpea, but they do not apply organic manure. Along with 
high fertilizer application, the farmers will also irrigate three times with 50, 50, and 
30mm of water using inefficient irrigation systems (Table 20). 

The future system in both RAP 4 (Swarna Andhra Pradesh) and RAP 5 (Dead End 
Andhra Pradesh) showed considerable improvement in chickpea yields. In strata 1 
(low rainfall) under RAP 4 the simulated yields with both the models ranged from 
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Table 20. The adaptation packages for the future production system of high rainfall regions for 
RAP 4 (Swarna Andhra Pradesh) and RAP 5 (Dead End Andhra Pradesh). 


Genetic Manure 
Productivity Application N Application Irrigation 
RAP 4 (Swarna Genetics — Yield Manure — N-20 kg/ha 90mm in three 
Andhra Pradesh) boost (15%) 5 tonnes/ha irrigations 
Adaptation HT & DT 
RAP 5 (Dead End Genetics — Yield N-30 kg/ha Three irrigations 
Andhra Pradesh) boost (15%) (50, 50, 30mm) 


Adaptation 


1053 kg/ha with APSIM (66% higher than the current system) and 1217kg/aha 
with DSSAT (63.4% higher than the current system), while under RAP 5 the yield 
increases were 37% (868 kg/ha) with APSIM and 47% (1096 kg/ha) with DSSAT. 
Similarly, in strata 2 (high rainfall) under RAP 4 the simulated yields with both the 
models ranged from 2304kg/ha with APSIM (45% higher than the current system) 
to 2311 kg/ha with DSSAT (71.5% higher than the current system), while in RAP 5 
the yield increases were 10.2% (1751 kg/ha) with APSIM and 35.8% (1829 kg/ha) 
with DSSAT. 


High price scenario 


In RAP 4 (Swarna Andhra Pradesh), the lower emission scenario RCP 4.5 and the 
adaptation package consisting of chickpea cultivars with drought-tolerant traits and 
good irrigation and fertilizer management could be adopted by more than 70% of 
farms in the study region. The adoption rates range from 66% to 75% among the 
different climate scenarios for the DSSAT model (Fig. 15). The adoption rate of the 
new system is higher in the harsh climate scenarios than in more favorable climates. 

In RAP 5 (Dead End Andhra Pradesh) with the high emission scenario of RCP 
8.5 and chickpea cultivars without drought- and heat-tolerant traits, the adoption 
rate of the new system is low compared to RAP 4 (Swarna Andhra Pradesh). 

Due to the high adoption rate of the adaptation package in RAP 4 in DSSAT, 
the percentage change of farm net returns is higher than in the RAP 5 scenario. The 
percentage change of net return varies from 22% to 49% among different climate 
scenarios (Table 21). The hot-wet scenario has the highest percentage change in net 
returns compared to other scenarios and it reduces poverty in the region by around 
14% compared to the base system in the future world. But in RAP 5, net return has 
changed only by 12% to 14% from the DSSAT model and about 16% for APSIM 
across the climate scenarios (Table 21). 
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Fig. 15. Percentage of farms adopting the climate-smart adaptation package in RAP 4 and RAP 5 
under the high price scenario. 


Table 21. Percentage change of net return, per capita income, and poverty after adoption 
of the adaptation packages in the high price scenario. 


DSSAT APSIM 
% % % % % % 

Change Change Change Change Change Change 

RAP GCM NR* PCI** Poverty NR PCI Poverty 
RAP 4 Mid 36.6 31.3 —16.1 15.6 13.7 —16.6 
Hot-dry 35.2 30.3 —14.9 15.5 13.7 —15.7 

Cool-dry 22.5 20.2 —16.8 14.0 12.4 —19.9 
Cool-wet 28.1 25.0 —13.8 15:2 13:7. —16.7 

Hot-wet 49.7 41.6 —14.1 15:5 13:7 —16.6 

RAP 5 Mid 13:3 12.0 —12.5 16.3 14.4 —10.0 
Hot-dry 13.2 12.0 —12.8 15.8 14.1 —11.0 

Cool-dry 13.4 12.3 —14.0 16.2 14.7 —12.9 
Cool-wet 13.6 12.8 —15.3 16.1 14.7 —14.3 

Hot-wet 12.7 11.6 —13.1 15.8 14.3 —12.8 


Note: *NR: Net Revenue. 
** PCI: Per capita income. 
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Low price scenario 


In RAP 4, the adoption of the new system (with drought- and heat-tolerant chickpea 
cultivars) over the old system in the future world ranges from 68% to 77% across 
the climate scenarios for DSSAT (Fig. 16). This higher adoption rate is mainly 
attributed to higher yield of chickpea in all the GCMs which offsets the lower price 
of chickpea in the low price scenario. But the adoption rate does not vary among 
different climate scenarios for the APSIM model and it is much lower than for the 
DDSAT model. 

In RAP 5, the unsustainable pathway, both APSIM and DSSAT predict similar 
trends of adoption rates across climate scenarios that are lower than the RAP 4 
adoption rates. Adoption of the adaptation package causes the percentage change 
of net return to be higher in the RAP 4 scenario compared to RAP 5 in both the 
crop models. The highest percentage change of net return of about 45% is for the 
hot-wet climate scenario under RAP 4 from the DSSAT model. This translates into 
a reduction of 17% for the poverty rate and a 36% increase in per capita income 
(Table 22). 

Majority of farm households in Kurnool region in future production systems 
are predicted to benefit from adopting the intervention packages. The adaptation 
package includes drought- and heat-tolerant varieties in RAP 4 but is only limited to 
genetic improvement in RAP 5; irrigation using micro-irrigation system with higher 
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Fig. 16. The percentage of farms that adopted the climate-smart adaptation package in RAP 4 and 
RAP 5 under low price scenario. 
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Table 22. The percentage change of net return, per capita income, and poverty after 
adoption of the adaptation packages in the low price scenario. 


DSSAT APSIM 
% % % % % % 

Change Change Change Change Change Change 

RAP GCM NR PCI Poverty NR PCI Poverty 
RAP4 Mid 33.4 213 —18.0 15.7 13.1 —15.7 
Hot-dry 32.4 26.7 —17.0 15.5 13.2 —15.9 
Cool-dry 32.4 26.4 —21.2 14.4 12.3 —16.6 
Cool-wet 26.2 22.4 —15.3 15.3 13.2 —16.2 
Hot-wet 44.7 35.8 —17.4 16.3 14.0 —16.1 

RAP5 Mid 14.3 12:3 —7.3 16.3 14.4 —10.0 
Hot-dry 14.2 12.2 —7.4 15.8 14.1 —11.0 
Cool-dry 25.6 21.9 —12.9 16.2 14.7 —12.9 
Cool-wet 14.3 12.8 —11.8 16.1 14.7 —14.3 
Hot-wet 13.8 11.9 —8.0 15.8 14.3 —12.8 


water-use efficiency; and application of organic manure in RAP 4. The changes in 
chickpea management increase yields and offset negative climate impacts. 


Outcomes and Stakeholder Interactions 


The EPTRI is governed by a board of directors with representatives of the Gov- 
ernment of Telangana and the Government of India. Telangana is the 29th state of 
India, formed on the 2 June 2014. Telangana was created by passing the AP State 
Reorganization Bill in both houses of Parliament (https://www.telangana. gov.in/ 
About/State-Profile). EPTRI served as a nodal agency for climate change research 
for the unified Andhra Pradesh. Currently, this institute is working in Telangana and 
Andhra Pradesh to establish a new centre. 

The main objectives of EPTRI are to provide training, consultancy, applied 
research services, and advocacy in the area of environmental protection. The EPTRI 
has been appointed by the state government of Telangana as a nodal agency for Cli- 
mate Change and Clean Development Mechanism (CDM). EPTRI, being a nodal 
agency for climate strategies in the state of Telangana, is an organization of high 
interest and high influence with regard to the issues of climate policies and programs. 
It is mandated by the Government of Telangana to prepare the State Action Plan for 
Climate Change (SAPCC), which is expected to provide a strategy for streamlining 
climate change responses across various sectors of the state. 
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Following an initial correspondence between AgMIP-AP and EPTRI, the 
AgMIP-AP team was invited to present AgMIP concepts and approaches to cli- 
mate change adaptation in agriculture on 9 July 2015. The team introduced the 
AgMIP as a major international initiative working on linking the climate, crop, and 
economic modeling communities to study the impact of climate change on agricul- 
ture and to evaluate adaptations. The potential utility of AgMIP results on integrated 
assessment studies by local to regional policy makers was explained. 

The Director General of EPTRI emphasized the need to disseminate the current 
AgMIP findings to the relevant stakeholders, including farmers. EPTRI will engage 
in collaborative work with the AgMIP-AP/ICRISAT team in validating the findings 
of AgMIP on a pilot scale and then upscale them to district level. EPTRI invited 
the team to get involved in capacity-building related to adaptation and mitigation 
strategies for climate change. 

The project “Resilient Agricultural Households through Adaptation to Climate 
Change in Telangana (RAHACT)” was conceptualized based on the AgMIP tools 
and methodologies, including RIAs and adaptation interventions. Funding was 
sought under the National Adaptation Fund for Climate Change by the Ministry 
for Environment, Forests and Climate Change, Government of India. The project 
application was successful and the research components, led by the AgMIP team at 
ICRISAT, started in October 2016. EPTRI, governed by both Governments of India 
and Telangana, has a wider mandate to focus on all the states and agro-climatic zones 
of India. The collaboration between EPTRI and AgMIP is ongoing and expanding 
to other initiatives, e.g., contributions to state action plans for climate change and 
conceiving new innovative projects for climate change adaptation and mitigation in 
agriculture. 

The second decision context where the AgMIP tools and methods had an influ- 
ence is a spin-off of the RAHACT project. The main decision maker in this context 
is the NABARD. NABARD is the main financial arm of the Government of India 
for channeling funds for rural and agricultural development. More than 50% of 
the rural credit is disbursed by the Co-operative Banks and Regional Rural Banks 
(RRBs). NABARD is responsible for regulating and supervising the functions of 
Co-operative banks and RRBs. NABARD works towards providing a strong and 
efficient rural credit delivery system, capable of responding to the expanding and 
diverse credit needs of agriculture and rural development. 

NABARD is a key stakeholder in the RAHACT project and provides the finances 
for the project activities. Under the RAHACT project, AgMIP RIA tools were used 
for assessing the climate change impacts on Telangana and the vulnerability of the 
farming system to climate change using secondary data and primary data from house- 
hold surveys conducted under the RAHACT project. NABARD invited the AgMIP 
team members to the State Credit Seminar held on 20 January 2017 at Hyderabad. 
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The State Credit Seminar is the culmination of the Credit Planning exercise carried 
by NABARD for the financial year April 2017—March 2018. 

The State Credit Seminar discussed the credit potential for each sub-sector of 
agriculture, as well as allied sectors, off-farm sectors, and other priority sectors; and 
infrastructural gaps to be bridged and linkage support that the government depart- 
ments need to provide for realizing the estimated credit potential. The sum total 
of credit potential for each sector emanates from the Potential Linked Credit Plan 
(PLP) that has been prepared by NABARD for each district based on participatory 
approaches and detailed district-level consultations with stakeholders. 

The seminar addressed three emerging issues: 


1. Doubling of farmers’ income (a priority set by the Prime Minister of India); 
2. Impact of climate change; 
3. Enhancing the term loan investment to facilitate capital formation in agriculture. 


The State Credit Seminar was attended by the Chief Secretary of the State, Secre- 
taries of the State Government departments, Regional Director of the Reserve Bank 
of India, Heads of Major Commercial Banks of the State, RRBs, State Cooperative 
Bank, research institutions, and community organizations. 

Based on the pioneering work done by ICRISAT’s AgMIP team in promoting 
climate-resilient agriculture in the state and the key role it played in grounding the 
RAHACT project, ICRISAT was invited to present on the topic “Impact of Climate 
Change in Telangana — Key Issues — Policy Measures”. This presentation was 
based on the RIA done as part of the RAHACT project following the AgMIP tools 
and methods. 


Conclusions 


The AgMIP RIA framework was used to assess the current and future crop-livestock 
production systems to climate change in the Kurnool district of Andhra Pradesh, 
India. This study used the socio-economic data from a representative household 
survey conducted across the state of Andhra Pradesh on the chickpea-based rainfed 
farming system, together with scaled-down climate data and site-specific weather 
and multi-location crop trial data to calibrate crop models. We stratified our sample 
households into the following: (1) farm households located in low rainfall regions 
and (2) farm households located in medium to high rainfall regions in Kurnool 
district. 

The research revealed important findings. First, the climate analysis reveals that 
all the five GCMs used in this study predict that Kurnool district will average 
higher (warmer) temperatures in the 2050s in the high emission scenario (RCP 8.5). 
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All projections generally predict increased rainfall, although there is clear vari- 
ation across climate models: 3% to 27% higher rainfall is projected under the 
mid-range climate scenario and 6% to 40% higher rainfall across the five climate 
scenarios. 

Second, the analysis showed that the majority of fallow-chickpea-based farm 
households are vulnerable (68% in a warmer climate and 42% in a wet climate) to 
climate change if the current production systems are used in the future. Vulnerabil- 
ity is not uniform across the Kurnool district and climate impacts vary according 
to scenario. The simulation results of low and high rainfall showed that the farm 
households in the low rainfall region with current low input crop production sys- 
tem and less opportunity for non-farm income are highly sensitive to both cool/wet 
(more favorable) and hot/dry (unfavorable) climate scenarios. 

Overall, the integrated assessment reveals that even under a highly favorable 
climate scenario (cool/wet), the current rainfed production system is vulnerable, 
although the magnitude of vulnerability varies across climate scenarios and farm 
household groups with inputs from stakeholders. 

To address the current vulnerability, a “climate-smart” adaptation package was 
developed. By adopting this package, a large percentage of farm households in the 
fallow-chickpea-based cropping system will move from vulnerability to resilience. 
Nearly 80% of farm households will benefit from adopting this package today. The 
package includes interventions, such as promoting location-specific varieties (i.e., 
short duration varieties in the low rainfall region and medium duration variety in the 
high rainfall region), providing critical irrigation using harvested rainwater, using 
recommended fertilizer application, introducing a new crop (foxtail millet) during 
the kharif season to enhance the system productivity, and adopting mechanical 
harvesters to reduce harvesting cost. 

When considering this adaptation package in future climate scenarios, climate 
change will still have negative impacts on agricultural production — even with adap- 
tation measures, 60% of farm households are still vulnerable in a warmer climate 
scenario. Though this shows many farmers to be vulnerable, this number is lower 
than if no adaptation was implemented. Additionally, even though chickpea yields 
are lower in the warmer climate scenarios, economic impacts vary. Economic mod- 
els predict that prices in future climate change scenarios will be higher than prices if 
no climate change occurs. These higher prices will help offset the negative climate 
impacts on yield and reduce vulnerability. 


Appendix 


Modifications made in cultivar and species file to develop yield potential and short 
duration cultivar for both strata of farms (see Tables A.1, A.2, and A.3): 
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APSIM 


e Radiation use efficiency — increased by 10%; 

e tt_start_grain_fill — increased 10%; 

e Fraction of dm allocated to pod at 7 and 8 stages — increased by 10%; 
e TT from emergence to end of juvenile phase — reduced 10%. 


DSSAT 


e LFMAX, XFRT, SFDUR — increased 10%; 
e EM-FL, FL-SH FL-SD, SD-PM, and FL-LF — reduced by 10%. 


In addition to modifications in cultivar characters, we included one critical irri- 
gation as an agronomic adaptation option in the low rainfall rainfed strata. 


Table A.1. Parameters of base and adapted production system by strata and crop models. 


Strata 1: Low Rainfall Strata 2: High Rainfall 


Base Adapted Base Adapted 

DSSAT 

Chickpea cropped area (ha) 4.0 4.0 5.2 5.2 
Chickpea production (kg/farm) 3009.1 6392.5 7159.8 9025.5 
Chickpea TVC (Rs/farm)* 71616.3 48590.0 143669.4 103403.6 
Chickpea net returns (Rs/farm) 34638.9 175882.8 158457.7 253300.4 
Foxtail millet area (ha) 2.0 2.6 
Foxtail millet production (Kg/farm) 2758.3 3654.8 
Foxtail millet TVC (Rs/farm) 21757.5 28829.8 
Foxtail millet net returns (Rs/farm) 22374.6 29647 .6 
APSIM 

Chickpea cropped area (ha) 4.0 4.0 5.2 5.2 
Chickpea production (kg/farm) 3009.1 5616.5 7159.8 8690.3 
Chickpea TVC (Rs/farm) 71616.3 48590.0 143669.4 103403.6 
Chickpea net returns (Rs/farm) 34638.9 148632.0 158457.7 240054.7 
Foxtail millet area (ha) 2.0 2.6 
Foxtail millet production (Kg/farm) 2758.3 3654.8 
Foxtail millet TVC (Rs/farm) 21757.5 28829.8 
Foxtail millet net returns (Rs/farm) 22374.6 29647.6 


Note: *TVC: Total variable cost. 
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Table A.2. The System 1 parameters for Q3 in RAP 4 scenario. 


Strata 1: Low Rainfall Zone Strata 2: High Rainfall Zone 


Variable Units Mean Std. Dev. Mean Std. Dev. 
Household size Numbers 3:53 1.11 3:73 1.52 
Total operated land Ha 7.05 3.80 8.11 6.60 
TLU* Numbers 1.53 2.81 1.89 2.17 
Chickpea area Ha 4.35 3.80 5.71 5.56 
Chickpea yield Kg/ha 1577.52 828.97 2886.86 1475.00 
Chickpea price Rs/kg 42.33 4.83 47.68 8.57 
Chickpea TVC Rs/farm 90594.62 73790.15 181741.84 173425 .24 
Leg and oilseed crop Ha 0.48 1.36 0.51 1.13 
area 
Leg and oilseed crop Rs 14676.63 43970.81 16881.24 36330.11 
TVC 
Leg and oilseed crop rev Rs 12288.50 44313.19 94935.85 259469 .89 
Other crops area Ha 2.01 2.52 1.87 2.14 
Other crops TVC Rs 68974.21 88668.48 125240.86 153625.69 
Other crops net revenue Rs 185207.72 329010.72 609305.86 858419.88 
Livestock income Rs 56288.27 69100.89 81708.09 84063.15 
Non-agricultural Rs 102130.91 79805.29 96611.11 113081.16 


income 


Note: * TLU: Total livestock unit. 


Table A.3. System 1 without climate change parameters for low and high rainfall regions under RAP 5. 


Strata 1: Low Rainfall Zone Strata 2: High Rainfall Zone 


Variable Units Mean Std. Dev. Mean Std. Dev. 
Household size Numbers 3:55 1.74 5.90 2.39 
Total operated land Ha 5.13 2.76 5.90 4.80 
TLU Numbers 2.04 3.75 2.52 2.89 
Chickpea area Ha 3.16 2.24 4.19 4.05 
Chickpea yield Kg/ha 1564.37 822.06 2862.79 1462.70 
Chickpea price Rs/kg 53.31 6.08 60.05 10.79 
Chickpea TVC Rs/farm 123180.04 355429.61 247111.44 235803.49 
Leg and oilseed crop Ha 0.35 0.99 0.42 0.93 
area 
Leg and oilseed crop Rs 18031.29 54021.28 20739.81 44634.14 
TVC 
Leg and oilseed crop rev Rs 13333.20 48080.46 103006.78 281528.61 
Other crops area Ha 1.46 1.83 1:53 1.75 
Other crops TVC Rs 84739.75 108935.56 153867 .34 188740.13 
Other crops Net Rs 188497.75 108935.56 620129.73 873669 .09 
Revenue 
Livestock income Rs 54587.95 67013.53 79239.90 81523.83 
Non-agrl income Rs 57448.64 44890.48 54343.75 70675.72 


444 S. Nedumaran et al. 


References 


AICRPP, 1999-2011. Annual Reports, All India Coordinated Research Project on Pulses. Indian 
Institute of Pulses Research, Kanpur, Indian Council of Agricultural Research, New Delhi, 
India. 

Antle, J.M. and Valdivia, R.O. 2006. Modelling the supply of ecosystem services from agriculture: 
A minimum-data approach. Aust. J. Agric. Resour. Econ., 50(1): 1-15. 

Antle, J.M., Diagana, B. et al. 2010. Minimum-data analysis of ecosystem service supply in semi- 
subsistence agricultural systems. Aust. J. Agric. Resour. Econ., 54(4): 601-617. 

Antle, J.M. and Valdivia, R.O. 2011. TOA-MD 5.0: Trade-off Analysis Model for Multi-Dimensional 
Impact Assessment. Available at: http://trade-offs.oregonstate.edu 

Antle, J.M., Stoorvogel, J.J., and Valdivia, R.O. (2014). New parsimonious simulation methods and 
tools to assess future food and environmental security of farm populations. Philosophical Trans- 
actions of the Royal Society B: Biological Sciences, 369(1639). 

Antle, J., Adhikari, S. et al. 2015a. An income-based food security indicator for agricultural technology 
impact assessment. In A. Schmitz, P.L. Kennedy and T.G. Schmitz (eds.), Food Security in an 
Uncertain World, pp. 81—96, Vol. 15. Frontiers of Economics and Globalization. Emerald Group 
Publishing Limited. 

Antle, J.M., Valdivia, R.O. et al. 2015b. AgMIP’s transdisciplinary agricultural systems approach 
to regional integrated assessment of climate impacts, vulnerability, and adaptation. In 
C. Rosenzweig and D. Hillel (eds.), Handbook of Climate Change and Agroecosystems: The 
Agricultural Model Intercomparison and Improvement Project (AgMIP), pp. 27-44. ICP Series 
on Climate Change Impacts, Adaptation, and Mitigation, Vol. 3, Part 1, Imperial College Press, 
doi: 10.1142/9781783265640_0002. 

Bantilan, C., Kumara Charyulu, D. et al. 2014. Short-Duration Chickpea Technology: Enabling 
Legumes Revolution in Andhra Pradesh, India. 2014, p. 208. Research Report no. 23. Patancheru 
502 324. Telangana, India: International Crops Research Institute for the Semi-Arid Tropics. 

Gaur, P.M., Jukanti, A.K. et al. 2013. Climate Change and Heat Stress Tolerance in Chickpea. In 
T. Narandra and S.S. Gill (eds), Climate Change and Plant Abiotic Stress Tolerance, Vol. 2, 
Wiley-VCH Verlag GmbH & Co, Weinheim, Germany, pp. 839-855. ISBN 9783527675265. 

IPBES, 2018. The regional assessment report on biodiversity and ecosystem services for Asia and the 
Pacific: summary for policymakers. 

IPCC, 2014: Summary for policymakers. In C.B. Field, V.R. Barros, D.J. Dokken, K.J. Mach, M.D. 
Mastrandrea, T.E. Bilir, M. Chatterjee, K.L. Ebi, Y.O. Estrada, R.C. Genova, B. Girma, E.S. 
Kissel, A.N. Levy, S. MacCracken, P.R. Mastrandrea, and L.L.White (eds.), Climate Change 
2014: Impacts, Adaptation, and Vulnerability. Part A: Global and Sectoral Aspects. Contribution 
of Working Group II to the Fifth Assessment Report of the Intergovernmental Panel on Climate 
Change. Cambridge University Press, Cambridge, United Kingdom and New York, NY, USA, 
pp. 1-32. 

Kashiwagi, J., Krishnamurthy, L. et al. 2005. Genetic variability of drought-avoidance root traits 
in the mini-core germplasm collection of chickpea (Cicer arietinum L.). Euphytica, 146(3): 
213-222. 

Knights, E.J. and Siddique, K. 2002. Manifestation of Botrytis cinerea on chickpeas in Australia. 
In Manifestation of Botrytis Cinerea on Chickpeas in Australia, pp. 70-77. Bangladesh Agricul- 
tural Research Institute; Centre for Legumes in Mediterranean Agriculture; Australian Centre 
for Inter. 

Leport, L., Turner, N.C. et al. 2006. Variation in pod production and abortion among chickpea cultivars 
under terminal drought. Eur. J. Agron., 24(3): 236-246. 

O’Neill, B.C., Kriegler, E. et al. 2014. A new scenario framework for climate change research: the 
concept of shared socioeconomic pathways. Clim. Change, 122(3): 387-400. 


Regional Integrated Assessment of Climate Change Impacts on the Rainfed Farming System 445 


Rosenzweig, C., Jones, J.W. et al. 2013. The Agricultural Model Intercomparison and Improvement 
Project (AgMIP): Protocols and pilot studies. Ag. For. Meteor., 170: 166-182. http://dx.doi.org/ 
10.1016/j.agrformet.2012.09.011 

Ruane, A.C., Goldberg, R. et al. 2015a. AgMIP climate forcing datasets for agricultural modeling: 
Merged products for gap-filling and historical climate series estimation, Agr. For. Meteorol., 
200: 233-248. 

Ruane, A.C., Winter, J.M. et al. 2015b. AgMIP climate datasets and scenarios for integrated assess- 
ment. In C. Rosenzweig and D. Hillel (eds.), Handbook of Climate Change and Agroecosystems: 
The Agricultural Model Intercomparison and Improvement Project (AgMIP) Integrated Crop 
and Economic Assessments, pp. 45-78. Partl, Imperial College Press. 

Singh, P., Nedumaran S. et al. 2014. Climate change impacts and potential benefits of drought and 
heat tolerance in chickpea in South Asia and East Africa. Eur. J. Agron., 52: 123-137. 

Thorburn, P. 2015. AgMIP’s trans-disciplinary approach to regional integrated assessment of climate 
impact, vulnerability and adaptation of agricultural systems. In C. Rosenzweig and D. Hillel 
(eds.), Handbook of Climate Change and Agroecosystems: The Agricultural Model Intercom- 
parison and Improvement Project (AgMIP). ICP Series on Climate Change Impacts, Adaptation, 
and Mitigation, Vol. 3. Imperial College Press. 

Valdivia, R.O., Antle, J.M. et al. 2015. Representative agricultural pathways and scenarios for regional 
integrated assessment of climate change impacts, vulnerability, and adaptation. Handbook of 
Climate Change and Agroecosystems, 3: 101-156. 

Wang, J., Gan, Y.T. et al. 2006. Response of chickpea yield to high temperature stress during repro- 
ductive development. Crop Science, 46(5): 2171-2178. 

World Bank, 2019. Estimating Poverty in India without Expenditure Data: A Survey-to-Survey Impu- 
tation Approach. Washington, World Bank. 


This page intentionally left blank 


2023 © The Author(s). This is an Open Access chapter published by World Scientific Publishing 
Europe Ltd, licensed under the terms of the Creative Commons Attribution 4.0 International License 
(CC BY 4.0). 

https://doi.org/10.1142/9781786348814_ 0010 


Chapter 10 


Integrated Modeling under a Changing 
Climate in Latin America and the Caribbean: 
Bridging the Gaps between Supply and 
Demand of Information for Decision-Making 


Kelly Witkowski*, Roberto O. Valdivia’, Daniela Medina®’S, and Francisco Meza! 


*Inter-American Institute for Cooperation on Agriculture, San José, Costa Rica 
* Oregon State University, Corvallis, OR, USA 
t University of the Sunshine Coast, Queensland, Australia 
Š$ Commonwealth Scientific and Industrial Research Organisation (CSIRO), 
Queensland, Australia 


I Pontificia Universidad Católica de Chile, Santiago, Chile 


Introduction 


The agricultural sector in Latin America and the Caribbean (LAC) is under pressure 
to produce enough food to feed a growing global population, support socio-economic 
development, and reduce its environmental impact. To date, it has played a critical 
role as an engine of socio-economic development, providing 4.6% of the region’s 
GDP and accounting for almost a quarter of its exports in 2018 (Singels et al., 2014; 
Salazar, 2019). More than 60 million people participating in the family agricultural 
sector are responsible for between 20% and 60% of the region’s production (Salazar, 
2019). Covering 790 million hectares — 35% of the land surface in LAC — the 
sector contributed 18% to the total employment in 2018, and contributes significantly 
to food security, livelihoods, and rural well-being. The sector is responsible for a 
significant amount of water use, in addition to 25% of global agricultural greenhouse 
gas emissions (Salazar, 2019). Given the availability of land and water resources, 
particularly in parts of South America, plans exist to develop the sector, and increase 
its competitiveness and contribution to the global food supply (Zeigler and Nakata, 
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2014). The agricultural sector will thus play a central role in the achievement of the 
Sustainable Development Goals (SDGs) to which all of the countries in the region 
have ascribed, as well as many of the region’s climate goals. 

Agriculture features heavily in many of the public policy instruments developed 
in response to climate change. Out of the 32 LAC countries that submitted Nationally 
Determined Contributions (NDCs) in response to the Paris Agreement on Climate 
Change, 30 include the agriculture sector, while half make explicit mention of the 
livestock sub-sector (Witkowski and Medina, 2016; Witkowski et al., 2016). Most 
reference both the contributions that the sector can make to mitigation efforts, as 
well as its high level of vulnerability and urgent need to develop and implement 
evidence-based adaptation strategies. 

In addition to these broader climate plans, the Ministries of Agriculture have 
been proactive in developing additional sectoral strategies, programs and projects 
to help ensure the sector can continue to produce in the face of evolving challenges, 
both climate and non-climate related. Many countries have or are in the process 
of developing sectoral adaptation plans, including Argentina, St. Lucia, Bahamas, 
Uruguay, Chile, Panama, and Belize, among others. Instruments to guide low emis- 
sions development are also being increasingly utilized. For instance, Costa Rica has 
developed National Appropriate Mitigation Actions (NAMAs) for both the livestock 
and the coffee sectors, while both Mexico and El Salvador are developing NAMAs 
for the livestock sector. 

A participatory analysis of the processes and inputs used to develop the sectoral 
adaptation plans of 11 Latin American countries revealed that one of most substan- 
tial opportunities for improving the robustness, specificity, and effectiveness of the 
instruments is to strengthen the scientific foundation informing the plans (Witkowski 
etal., 2017). This is especially in regard to the targeted information about the direc- 
tion and magnitude of the climatic changes that might occur, as well as the potential 
range (rather than average) of the resulting agro-ecological and socio-economic 
impacts for different types of farms. In addition, there has been little evaluation of 
the potential impact of the range of different adaptation options and influence of 
different adoption rates on heterogeneous populations. This is precisely the type 
of information that implementation of the integrated assessment protocols devel- 
oped by AgMIP can provide for decision-making and planning purposes at different 
scales. 

This chapter provides a short history of AgMIP engagement in LAC to date 
and includes a summary of the information and results gleaned from the various 
efforts — particularly during regional workshops. A brief review of the projected 
impacts of climate change on agriculture as reported by current studies is presented. 
Though not comprehensive, it provides insight into the existing efforts in the region 
to evaluate the consequences of climate change on specific crops and livestock. The 
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next section highlights the demand of scientific information to support policy and 
project decision-making. Finally, we propose several concrete next steps to serve 
as the foundation for a broader strategy to maximize the potential benefits of using 
AgMIP protocols in the region and strengthening the linkages between the scientific, 
practitioner, and decision-making communities. 


AgMIP’s History in LAC 


There have been several efforts to advance the implementation of AgMIP tools 
and methodologies in the region, largely capitalizing on existing resources and ini- 
tiatives. This includes various regional workshops and meetings, the first two of 
which were organized in Brazil and hosted by the Brazilian Agricultural Research 
Corporation (EMBRAPA) in 2011 and 2013 (see agmip.org for more information). 
The first workshop focused on designing a regional program that follows AgMIP 
protocols for model intercomparison and improvement, as well as an assessment of 
agricultural production, economic vulnerability, and food security under future cli- 
mate scenarios. An AgMIP-Brazil program was planned to focus on crop modeling 
improvement for specific commodities. At the second workshop, the AgMIP-Brazil 
project funded by the EMBRAPA was announced, potential participants for differ- 
ent modeling teams were identified, and a LAC coordination team was formed, led 
by the National Meteorology and Hydrology Service of Peru (SENAHMI). 

In September 2014, AgMIP held a side meeting during the launch of the third 
component of the JRC-EUROCLIMA project in Mexico City. In this meeting it was 
agreed that crop modelers from the AgMIP-LAC network will collaborate with the 
bio-physical component of JRC-EUROCLIMA. Next, the Third Regional AgMIP- 
LAC Workshop was organized in collaboration with EUROCLIMA, the Interna- 
tional Center for Tropical Agriculture (CIAT), the CGIAR Research Program on 
Climate Change, Agriculture and Food Security (CCAKFS) and the Inter-Institutional 
Network for Climate Change and Security Food of Colombia (RICCLISA). The 
workshop was held in Manizales, Colombia in the last quarter of 2015 and included 
both technical and science—policy sessions. A new AgMIP-LAC coordinating team 
and coordinators were identified for each participating country. In addition, obsta- 
cles and factors limiting the role of modeling in policy design and potential ideas to 
address the issue were identified (Rodriguez et al., 2016). 

In terms of concrete research activities at a country level, AgMIP’s efforts have 
advanced in Brazil led by EMBRAPA and Peru under the leadership of SENAMHI. 
Minor country-level activities in Chile and Argentina that seek to provide informa- 
tion for decision-making under the scope of UNFCCC National Communication 
reports can be directly connected to the AgMIP-LAC community. In addition, sev- 
eral scientists from LAC have been directly involved and contributed to other AgMIP 
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related activities like the crop modeling intercomparison activities. For example, the 
AgMIP-Wheat pilot included a site in Balcarce, Argentina (Asseng et al., 2013). The 
first phase of AgMIP-Maize included a site in Rio Verde, Brazil (Bassu et al., 2014). 
A paper on the AgMIP-Sugarcane activities focused on sites including Piracicaba, 
Brazil (Singels et al., 2014). Similarly, the first activities of the AgMIP-Potato pilot 
included a site in Chinoli, Bolivia (Fleisher et al., 2017). Currently, the AgMIP-Soy 
activities include a site in Azul, Argentina. 

In addition, the dataset from the Coordinated Climate-Crop Modeling Project 
(C3MP) includes contributions from several crop modelers from Latin America, 
including INTA and University of Buenos Aires (Argentina); University of Sao 
Paulo and Universidade Federal de Vicosa (Brazil); CIMMYT (Mexico); Funda- 
cion Amigos de la Naturaleza (FAN; Bolivia); CIP (Peru); and several other Latin 
American sites simulated by crop modelers at institutions outside Latin America (see 
McDermid et al., 2015 and agmip.org). Other specific activities by some countries 
are described as follows: 


Brazil: Led by EMBRAPA, the AgMIP-BR project focused on the following 10 core 
activities that were aligned with AgMIP’s modeling activities and involved different 
units from EMBRAPA (Assad et al., 2015): 


1. Generate climatic and soil data (Embrapa Unit: CNPTIA); 

2. Impact of climatic change on soybean (Embrapa Unit: CNPSO); 

3. Impact of climatic change on flooded rice and upland rice (Embrapa Unit: 
CPACT); 

. Impact of climatic change on dry bean (Embrapa Unit: CNPAF); 

. Impact of climatic change on wheat (Embrapa Unit: CNPT); 

. Impact of climatic change on maize (Embrapa Unit: CNPMS); 

. Impact of climatic change on grass (Embrapa Unit: CPPSE); 

. Impact of climatic change on grape (Embrapa Unit: CNPUV); 

. Impact of climatic change on sugar cane (Embrapa Unit: CPACT); 

10. Economic analysis of crop productivity under climate change (Embrapa Unit: 

CNPTIA). 


Oo ONDHDN FS 


Peru: Led by the National Meteorology and Hydrology Service of Peru (SENAMHI) 
with support from the National Science, Technology and Innovation Council (CON- 
CYTEC) and AgMIP, a network of scientists and organizations was brought together 
to form AgMIP Peru, an initiative that was launched at the kick-off meeting in 
late 2013. SENAMHI and partners organized several training sessions on AgMIP’s 
regional integrated assessment protocols (2014) and climate models and protocols 
(2016), as well as training sessions on crop modeling (2016, 2017). SENMAHI 
also promoted AgMIP activities at the regional level in Latin America, for exam- 
ple, co-hosting, with the World Meteorological Organization (WMO) and the Latin 


Integrated Modeling under a Changing Climate in Latin America and the Caribbean 451 


American regional office of the WMO, a well-attended webinar about AgMIP and 
the Regional Integrated Assessment protocols (2017). Researchers from SENAMHI 
translated the “Guide for Running AgMIP Climate Scenario Generation Tools with 
R to Spanish and adapted it to include examples relevant for Peru and Latin America 
(Llacsa and Mcdermid, 2016). 

SENAMHI’s activities in Peru focused on estimating climate change impacts 
on seven crops important for the country’s GDP: potato, rice, yellow corn, starchy 
corn, sugarcane, plantain, and coffee. At the same time, pilot potato crop moni- 
toring efforts were carried out. AgMIP-Peru participants identified three priority 
study sites: the Andean region, Piura, and Mantaro. The group then established a 
multi-disciplinary team to help plan and conduct integrated assessments. The prin- 
cipal institutions participating in the efforts include SENAMHI, INIA, UNALM, 
CIRNMA, CIP, and Ministry of Agriculture and Irrigation. Workshop and training 
reports available at www.agmip.org. 


Argentina: The National Institute for Agrarian Technology (INTA) has developed a 
platform to run several crop simulation models and analyze regional performance of 
major crops of the Pampas region. The CASSANDRA platform has been used for the 
estimation of climate change impacts for Maize (CERES-Maize), Wheat (CERES- 
Wheat), and Soybean (CROPGRO) for more than 3,700 homogenous units defined 
by the combination of soil, climate, and management in Argentina (Secretaria de 
Ambiente y Desarrollo Sustentable de la Nación, 2015). 


Chile: Pontificia Universidad Católica de Chile (PUCC) and Universidad Austral 
have taken the lead in the organization of small workshops that relate to crop mod- 
eling in high yield environments, testing the performance of DSSAT and CropSyst 
models for wheat, potato, and corn. Seminal work on the evaluation data assimilation 
protocols for remote sensing and crop modeling information for evapotranspiration 
estimation and crop yield has been carried out over the last years. The PUCC in 
collaboration with AgMIP organized the “International Seminar on Climate Smart 
Agriculture: Preparing Chilean Agriculture for the Future” in Santiago, Chile in 
2015. Under the umbrella of the development of a National Multisectoral Climate 
Risk Atlas, researches are currently undertaking a project to assess the impacts of 
climate change on wheat, maize, potato, and beans at a 5 km resolution. 


Hemispheric: In 2017, AgMIP began an alliance with the Inter-American Institute 
for Cooperation on Agriculture (IICA), a specialized technical agency for agriculture 
of the Inter-American System, with a mandate to encourage, promote, and support 
its 34-member states in their efforts to achieve agricultural development and rural 
wellbeing. In that year, they coordinated the execution of two regional workshops 
with 11 countries from Central and South America to conduct a participatory analysis 
of the processes and inputs used to develop national agricultural sector adaptation 
plans. 
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Despite these activities, AgMIP’s actions in Latin America have lagged behind 
those in Africa and South Asia where regional integrated assessments (RIAs) (Antle 
et al., 2015; Rosenzweig et al., 2018; Valdivia et al., 2015) and multiple studies 
have been performed. The reason, at least in part, is the lack of funding. Those 
involved in the international efforts recognized this, and have taken initial steps to 
rectify this gap. In April 2018, AgMIP held its seventh global workshop in Latin 
America for the first time, at IICA’s headquarters in Costa Rica, with one of the five 
goals of the meeting being to bolster AgMIP activities in LAC. At this meeting, 
the organizers held to specifically discuss the needs, priorities, and capacities in 
the region. As a result, AgMIP and IICA developed a comprehensive policy brief 
(Valdivia et al., 2019) describing the features and benefits of RIAs (Antle et al., 
2015) that AgMIP has been developing and implementing in Sub-Saharan Africa and 
South Asia. 

The RIA is a protocol-based approach that links climate, crop, livestock, and eco- 
nomic data and models to assess the impacts of climate change and adaptation. The 
process enables stakeholders and scientists to work together to define the possible 
adaptation strategies to test the set of indicators that is of interest to policy makers 
and the co-designing of representative agricultural pathways (RAPs; Valdivia et al., 
2015). The policy brief was presented at the IV Interministerial Dialogue, held by 
IICA and its partners as part of the UNFCCC Pre-COP 25 event in San Jose, Costa 
Rica, in October 2019 to promote dialogue between high-level representatives of the 
Ministers of Agriculture and Environment from Central America and the Dominican 
Republic. The policy brief was also distributed during the Meeting of the Ministers 
of Agriculture of the Central American Integration System, also held in Costa Rica 
in late 2019, to raise the awareness of the potential of AgMIP for improving the 
basis for decision-making. 

Interest in the implementation of RIAs in the region using AgMIP tools and 
protocols is clear. Given the lack of a sizeable source of funding to support sustained 
efforts in the region, continuity has been a challenge. Despite wide recognition of the 
importance of this work, expressions of institutional interest, and commitments of 
many individuals, efforts have often stagnated as participants change and resources 
do not materialize. This then necessitates taking a step back to re-establish priorities, 
roles, and commitments. 

As can be seen from the summary of the regional actions above, many of the 
discussions held at the regional workshops overlapped. Focus to date has been 
on elucidating the status of existing modeling efforts, including the tools, data, 
and approaches being employed, as well as the capacities existing in the region to 
implement impact evaluations. Many also linked in discussions on decision-making 
to ascertain needs, identify obstacles, and ideas for bridging the science—policy 
divide. After a brief summary of the impacts of climate change on the region’s 
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agricultural systems, a synthesis of the results of the various regional dialogues 
sustained over the past seven years is included in the following sections. 


Climate Change Impacts on Agricultural Systems in Latin America 
and the Caribbean 


The IPCC’s 4th assessment report indicates that climate projections from multiple 
CMIP5 global climate models using various RCPs suggest increases in temperature 
that can range from 1.6°C to 4.0°C in Central America and from 1.7°C to 6.7°C 
in South America. Rainfall changes for Central America are projected to change 
between —22% and 7% by the end of century. Rainfall projections for South America 
are variable, depending on geographical regions and can range from —22% to +25% 
(Magrin et al., 2014). Thus, agricultural livelihoods, food, and nutrition security are 
vulnerable to weather shocks and climate change in the Americas (Fig. 1). 
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Fig. 1. Median projected changes across 21 NEX-GDDP downscaled climate models for RCP8.5 
(high emissions) mid-century (2040-2069) compared to 1980-2005 baseline for (a) annual tempera- 
ture and (b) annual precipitation. Hatch marks in (b) indicate areas where at least 70% of NEX earth 
system models agree on the direction of precipitation change (all regions have strong agreement on 
warming in (a)). Warming is stronger over land, with regional differences in the warming rate and pre- 
cipitation changes. Note that individual models show a wide range of potential wet and dry outcomes 
for many regions. 


Source: Figures created by Ruane and Phillips (NASA-GISS) in Valdivia et al. (2019). 
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Agriculture is one of the most important economic activities in LAC, contributing 
to about 6% of the region’s GDP in 2016 (World Bank, 2016). In addition, the 
agricultural sector accounts for 19% of male and 7% of female employment (World 
Bank, 2019). Rural population in LAC accounts for 20% of the total population 
which is projected to increase to 770 million by 2050 (CEPAL, 2018). 

These conditions and the projected climate change pose a threat to agricultural 
productivity and food security in the region and particularly among the poorest 
population in rural areas. Multiple studies of climate change in LAC suggest that 
impacts on crop yields vary across the region, depending on the location and the 
crop type. However, it is difficult to compare these results due to the fact that the 
methods used to estimate impacts are often different and the selection of climate 
scenarios also varies greatly. In addition, most of the studies are commodity-specific 
(e.g., wheat), and while they can provide insightful information about the changes 
in crop yield changes, they are not enough to quantify the gains and losses for the 
whole farming system. This section summarizes findings from some studies that 
focused on key agricultural commodities and regions in LAC (see Table 1). 

Maize yields may see larger yield declines due to climate change. Different 
studies suggest that maize yields could decline between —0.4% and —64% with 
maize cultivated in Ecuador and Brazil being the most affected. Wheat yield changes 
can range between +6.5% and —56%. Soybean yield changes can range between 
+19.1% and —70%, with Brazil being the country where the largest losses can 
occur. Rice yields vary across LAC and can see yield changes between —6.4 and 
+17%. A study on bean production in Brazil estimates that yields could decline 
between —15% and —30%. Sugarcane in Southern Brazil on the contrary could see 
increased yields up to 59%. 

There are few studies on the impacts of climate change on livestock despite 
the importance of the sector in the region. Climate change is projected to affect the 
quantity and quality of livestock feed as well as the heat stress that can affect livestock 
productivity (Porter et al., 2014). Seo et al. (2010), suggest that the adoption of new 
livestock species will decline for beef and dairy cattle, chicken, and pigs in several 
countries in LAC (see Table 1). 


Demands for decision-making 


The sustainable development goals, the commitments made under the nationally 
determined contributions, and the sectoral adaptation plans and NAMAs that support 
the operationalization of the climate goals, provide relatively new and evolving 
frameworks for guiding the development of the agricultural sector. The need to 
balance between the more “traditional” goals of production, competitiveness, and 
economic development while continually increasing ambition from both a climate 
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Table 1. Climate change impacts on agricultural commodities for LAC. 


Commodity 


Wheat 


Maize 


Soybean 


Rice 


Beans 


Sugarcane 


Country 


Brazil 

Brazil 

Argentina 

Chile 

Central America and 
Caribbean 

Central America and 
Caribbean 

Latin America and 
Caribbean 

Latin America and 
Caribbean 

Latin America and 
Caribbean 


Ecuador and Brazil 

Mexico 

Panama 

Brazil 

Argentina 

Chile 

Latin America and 
Caribbean 

Latin America and 
Caribbean 


Brazil 

Brazil Amazonia 

Argentina 

Latin America and 
Caribbean 

Latin America and 
Caribbean 


Central America and 
Caribbean 

Latin America and 
Caribbean 

Latin America and 
Caribbean 

Latin America and 
Caribbean 


Brazil 


Southern Brazil 


Impacts on Yields, 
2040-2050, Temp = 
2.0°C (1.75°C to 
2.25°C) 


up to —50% 

—41% to —52%* 

—11%* 

up to —20%* with CO2 

up to —56% 

—58% to —67%* 

—12% to +6.5% 

—2.3% to +0.3% with CO2 


0.9% to —12%* with CO2 


up to —69% 

—45% 

—2.4% to +1.5% with CO2 
—15% to —30% 

—15%* 

—5% to —10%* 

—2.3% to +2.2% with CO2 


—2.8% to —0.4% 


—710% 

—1.8% with CO2 
—14%* 

—19.5% to +19.1% 


—1.2% to +2.3% with CO2 


—4% 
up to +17% 
—1.2% to +13% with CO2 


—6.4% to +5% 


—15% to —30% 
+59% 


Source 


Fernandes et al. (2012) 
Fernandes et al. (2012) 
ECLAC (2010) 

Meza and Silva (2009) 
Fernandes et al. (2012) 


Fernandes et al. (2012) 
Nelson et al. (2010) 
Nelson et al. (2010) 


Nelson et al. (2010) 


Fernandes et al. (2012) 
Fernandes et al. (2012) 
Ruane et al. (2013) 
Costa et al. (2009) 
ECLAC (2010) 

Meza and Silva (2009) 
Nelson et al. (2010) 


Nelson et al. (2010) 


Fernandes et al. (2012) 
Lapola et al. (2011) 
ECLAC (2010) 

Nelson et al. (2010) 


Nelson et al. (2010) 


Fernandes et al. (2012) 
Fernandes et al. (2012) 
Fernandes et al. (2012) 


Nelson et al. (2010) 


Costa et al. (2009) 
Marin et al. (2013) 


(Continued) 
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Table 1. (Continued) 


Impacts on Yields, 
2040-2050, Temp = 
2.0°C (1.75°C to 


Commodity Country 2.25°C) Source 
Livestock Argentina, Brazil, Seo et al. (2010) 
(Adoption Chile, Colombia, 
of new Ecuador, Uruguay, 
livestock) Venezuela 
e Beef —11% to 0.3% 
Cattle 
e Dairy —10% to 5% 
Cattle 
e Pigs —0.9% to 0.1% 
e Sheep 0 to 19% 
e Chicken —1.5% to —0.3% 
e Cattle Paraguay —7% to —16% ECLAC (2010) 


Note: * Projections to 2060 with temp increase around 3.0°C (2.25°-3.5°C). 
Source: Adapted from Reyer et al. (2017). 


mitigation and resilience standpoint require better tools and information to guide 
decision-making at multiple levels. 

Better understanding the current use of and demand for modeling outputs to 
inform strategic decision making by key stakeholders in the region at different 
spatial and temporal scales helps provide insight into information needs and can thus 
inform the design of research studies. Specialized tools, and models in particular, are 
rarely being used to inform the planning processes being undertaken or investment 
decisions being made, though there are exceptions and this is changing. In Honduras, 
for example, the Secretary of Agriculture and Livestock (SAG) is working with CIAT 
to strengthen their abilities to utilize models and seasonal forecasting to support 
decision-making. 

In working group sessions during the Seventh AgMIP Global Workshop 
(AgMIP7 see Part 1, Appendix C in this volume) and previous workshops, actors 
identified the need to identify effective adaptation options for different regions and 
to understand the trade-offs and cost-benefit of each option. Effects on yield, qual- 
ity, areas that will be apt for production, and changes in the range or occurrence 
of pests and diseases are important unknowns. Broader questions, including the 
effectiveness of projected impacts on food security and other socio-economic fac- 
tors (e.g., poverty rates), and the potential benefits and effectiveness of adaptation 
options were also prioritized. Finally, additional information on extreme events, 
their impacts, and measures to address them is urgently needed. These inputs are 
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required for determining how to prioritize both financial and technical investments 
made with both internal and external funds at the project, program, and policy levels. 

Farming systems of interest vary by crops and livestock, sub-region, and agroe- 
cosystem. Key crops to cover were prioritized by participants, with the Andean 
Region (Peru, Colombia, Chile, and Bolivia) being most concerned with potatoes, 
corn, beans, quinoa and livestock (bovine, ovine and alpacas). Southern Cone coun- 
tries (Argentina, Brazil, Paraguay, and Uruguay) interested in a regional study of 
soy and livestock, and also wheat and maize. Participants from Colombia prioritized 
coffee, corn, sugarcane, plantains, potatoes, cassava, pastures, cocoa, and beans, and 
those from Central America (including Mexico and Cuba) showed interest in corn 
(Rodriguez et al., 2016). The Caribbean region is particularly interested in root 
crops. 

To date, most of the plans and policies developed in the region have focused on 
reframing existing efforts, and include principally incremental adaptation measures. 
Both technical staff and decision makers are gradually recognizing the need for 
a more complete, robust, and reliable information to guide the transformational 
changes required for agriculture’s success under future climatic conditions. 


Bridging the science-policy gap 


Various initiatives and opportunities to design project proposals and mobilize fund- 
ing opportunities in order to increase AgMIP’s work in the region and collaboration 
among interested stakeholders are arising. The “supply” side or research interest 
has been the principal driver of the related initiatives to date, and the involvement of 
stakeholders to ensure impact has been insufficient. This may be a result of the lack 
of the necessary capacity to understand, use, and therefore value the contribution 
of modeling tools and outputs. Again, sustained funding seems to be a significant 
factor here. 

Past efforts have pinpointed several obstacles to bridging the science—-decision- 
making gap regarding the use of modeling tools and their outputs to inform policy 
and action. Principal among them are the different periods for science and decision- 
making, different languages used by the scientific and policy communities, and the 
lack of knowledge managers or communicators who can help “translate”. High- 
quality, reliable data can also be considered a significant obstacle, as are a perceived 
lack of response by research to “real problems’, inherent uncertainties in modeling 
outputs at different geospatial and temporal scales, and the lack of financing for 
sustained research efforts and coordination mechanisms that enable trust to be built 
over time. 

Several of the steps identified to better engage stakeholders and promote the use 
of this science for decision-making in the region include the following: 
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e Use a participatory and interdisciplinary approach (including people with soft 
skills) that generates trust. Be purposeful in the involvement of stakeholders from 
the design stage. Create a sense of shared ownership of the research process (and 
messages) between scientists and stakeholders. 

e Raise awareness of the value of modeling tools and their outputs, demonstrat- 
ing the opportunity cost of not using science to inform decision-making and the 
positive impacts related to the uptake of scientific advice. Identify and document 
successful cases that show concrete positive impacts for different groups 


o Move away from the “firefighting” approach where modelers are only called 
upon in emergency situations such as droughts or other extreme events. 


e Invest in translation of science and knowledge management. 


o Frame efforts within the strategic lines of action/priorities of ministries, trans- 
lating scientific results into a message that aligns with the development agenda. 

o Develop communication strategies targeted for different audiences. Recognize 
and differentiate the different levels of decision-makers, clarifying who makes 
which decisions and in what timeframe, adjusting the messages and using social 
learning and behaviour change approaches to affect change. 


e Establish concrete mechanisms that provide continual spaces for a two-way dia- 
logue that facilitates the institutionalization of science—policy relationships. Invest 
in sustained partnerships that “infuse” science into national processes, identifying 
champions in policy processes as entry points 


o Increase researchers’ understanding of the policy process and develop mutual 
trust relationships with local decision-makers. 


e Identify ways to establish a national budgetary commitment to allow the mainte- 
nance of at least a minimal level of modeling efforts to inform decision-making 
in the absence of external funding. 


These ideas can serve as a benchmark for ensuring the success of future initiatives 
in that region, both scientifically (papers published) and in terms of policy integration 
and tangible impacts on the ground. 


Advancing AgMIP in LAC: A Way Forward 


Building off the endeavours to date, the following is a recommended route forward 
to consolidate and advance AgMIP initiatives in the region. 


Execute comprehensive baseline studies to guide efforts: Building off informa- 
tion collected previously, implement a more comprehensive baseline analysis of 
the state of the art in the region. This includes compiling information on readiness 
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(e.g., existing capacities for climate, crop, livestock and economic modeling, models, 
and data resources that can be deployed for assessments), as well as a meta-analysis 
of executed and ongoing studies. 


Create spaces for science—policy dialogue: Existing mechanisms (round tables, 
committees, etc.) need to be identified and analyzed to determine if they provide an 
appropriate avenue for coordinating AgMIP efforts. The platforms should be self- 
sustaining and provide regular opportunities for different stakeholders to discuss 
and collaborate. Where possible, those involved should remain constant and take 
leadership roles in communicating and coordinating with their respective institutions 
or groups. Linkages with agendas of the technical bodies focused on climate change 
that operate under the umbrella of the Central American Agricultural Council (CAC) 
or the Southern Agricultural Council (CAS) can be further explored,as they provide 
an additional benefit of uniting representatives of multiple countries. 


Characterize actors and information needs: Once commitments are in place and 
a team has decided to move forward with this work, a key first step is the mapping 
of actors to understand who is making what decisions at which level and what 
their specific information needs are. As discussed above, it is critical that this be 
conducted as a joint exercise between researchers and other actors to ensure that 
the questions driving the analysis are relevant and the resulting outputs salient and 
usable. 


Compile available data and identify gaps: Complete, available, and reliable data 
are one of the strongest limiting factors in the region; in many countries, agricul- 
tural censuses have not been conducted for over a decade. After defining the research 
questions, existing data needs to be identified and the necessary institutional arrange- 
ments made to facilitate access. An analysis of gaps and ways to overcome those gaps 
will be important for determining if and how the research questions can be answered. 
The most commonly run crop models in the region are DSSAT and APSIM. Various 
datasets are available on soil, climate, physiological, crop growth, and economic 
parameters; however, oftentimes the quality is questionable and the data are not 
systematic or complete. Historical time series and geographic coverage vary. 

Overcoming the challenges of the lack of standardized, harmonized available 
data, especially for Central America, is critical for facilitating research. Recent dif- 
fusion efforts have raised the level of awareness and attention to the opportunity 
to consolidate and strengthen the modeling work in the region through use of the 
AgMIP protocols. Many of the agricultural research institutes in the region would 
like to engage in such an initiative. AgMIP promotes open data and sharing and 
jointly with IICA will support actions to make data findable, accessible, interoper- 
able, and reusable (FAIR) in the region. 
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Build capacity: Efforts targeting two audiences — both the multi-disciplinary mod- 
eling teams and stakeholders — are required to ensure that actors are prepared not 
only to undertake the assessments but also to interpret and apply the outputs. This 
should be accomplished through both in-person and online courses focused on learn- 
ing by doing. Virtual exchanges with those in Africa and SE Asia that have more 
experience undertaking these processes can help ensure success. A sub-regional 
approach is recommended, especially in the Caribbean and Central America. Where 
national-level programs are initiated, efforts should be made to promote exchange 
and knowledge sharing to accelerate learning. Adhoc working groups on priority 
topics can be created to develop tools and adapt crop simulation models to answer 
more complex questions regarding climate impacts and ways to cope with them. ! 


Design project proposals and mobilize resources: To increase AgMIP’s work 
in the region and collaboration among interested stakeholders, both technical and 
financial resources must be channeled to support these efforts. While many of the 
funding opportunities do not support full research proposals, there are windows to 
include research actions in broader proposals that lead to concrete impacts on the 
ground (e.g., emissions avoided or number of people with enhanced resilience.). 


Conclusions 


With changes in precipitation patterns and temperatures causing up to a 50% 
decrease in yields of different crops by 2040-2050, urgent action is needed. Recog- 
nizing the increasing climate risks faced by the sector and due to the uncertainty of 
conditions, farmers, technicians, and decision-makers at all levels are seeking accu- 
rate and timely information to help them make decisions at different time and geo- 
graphic scales. Given the mounting pressure on the sector to provide for a growing 
population with higher resource use efficiency and a lower environmental footprint, 
while still providing dignified livelihoods for producers and economic growth for 
the region, greater amounts of contextualized information are needed. 

Tools to help analyze the trade-offs and opportunities between different goals and 
that also permit different stakeholders to understand, ex ante, the potential impacts of 


lFor instance, for irrigated agriculture, there is a need to develop integrated modeling approaches that effectively 
couple evaluations of water availability, obtained using hydrological models and impacts of water scarcity to select 
suitable irrigation strategies. AgMIP inspired modeling activities can be adapted and used for the ex ante evaluation 
of the impact of adaptation strategies selecting those that are cost effective. One example of such work can be 
found in Meza (2017) where simple models were run to assess the effectiveness of different adaptation strategies 
that seek to increase water security. Improvements in irrigation management, changes in irrigation technology, and 
building farm scale reservoirs were evaluated as function of different climate scenarios selecting those who have 
the potential to bridge the gap at minimum cost (the sum of the adaptation intervention and residual impacts on 
crop yields). 
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different technologies and investments are critical. For the sector to be able to direct 
climate finance effectively and quickly drive the necessary investment to transform 
the sector, the use of models and integrated assessments is fundamental for providing 
the information decision-makers need in a cost- and time-effective manner. 

Successfully implementing these steps will effectively lay the groundwork for the 
implementation of RIAs of climate change and adaptation of key farming systems in 
LAC, which include development of different possible future socio-economic sce- 
narios (RAPs). Several countries in the region have long trajectories and significant 
capacities to support integrated modeling efforts, including Brazil, Argentina, Chile, 
Peru, and Colombia. However, various factors have limited the progress principally 
to the academic and scientific spheres with little progress made towards informing 
decision-making, especially when compared to other regions of the world. 

The partnership between AgMIP and IICA was established to support coun- 
tries in the development of science-based climate change adaptation and mitigation 
strategies, commitments, and plans for the agricultural sector. The collaborative 
approach utilized will help to develop the capacities of public agricultural insti- 
tutions to effectively use modeling tools and to implement regional assessments 
to improve the understanding of potential climate change impacts on agricultural 
systems. These joint efforts can contribute to more effective agricultural and rural 
development in the region, as well as an effective response to climate change. Facil- 
itating exchange and work at the regional level will help to boost or accelerate 
national-level initiatives. 
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Introduction 


Building on the Agricultural Model Intercomparison and Improvement Project 
(AgMIP) regional integrated assessment (RIA), new work will contribute to adapta- 
tion and resilience decision-making by creating and supporting teams of researchers 
to engage with national stakeholders. Three decision-support tools developed in the 
AgMIP RIA research — the AgMIP Impacts Explorer (IE), representative agricul- 
tural pathways (RAPs), and adaptation packages — will be used. This will enable 
the realization of the potential for their uptake over greater scales and thus to 
achieve more significant impact. Initial target countries are Senegal, Ghana, and 
Zimbabwe. 

This work will generate impact by improving the capacity of national stakehold- 
ers (i.e., policy-makers, business, and civil society planners) to drive and implement 
evidence-based and thus more effective national adaptation planning for climate 
change. This potential will be realized through the combination of AgMIP’s rigorous 
developing and testing of adaptation strategies, creation of RAPs, and stakeholder 
engagement process, all generated by AgMIP RIA research. Using the IE and other 
AgMIP tools at a dedicated series of workshops. This research was planned before 
the emergence of the novel coronavirus. Face-to-face workshops have been replaced 
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with virtual interactions during the pandemic. In-country Adaptation Teams (A- 
Teams) will directly contribute to informing and shaping national processes, such 
as the National Adaptation Plans (NAPs). Monitoring and Evaluation (M&E) will 
document the lessons learned and support longer-term impacts of the project by 
providing a guide to scaling up to national adaptation efforts. 

These new approaches will develop and implement a strategy to broaden and 
deepen the international impact of the A-Teams by increasing the visibility of team 
accomplishments as well as the accessibility of their data and evidence-based find- 
ings. To ensure that international stakeholders are aware of and have ready access to 
the data, evidence, and information generated by the A-Teams (and related AgMIP 
activities), AgMIP is developing an accessible and targeted set of communication, 
dissemination, and interactive products to share with representatives of these orga- 
nizations at AgMIP A-Team workshops. 

In-country workshops will be organized to engage relevant stakeholders as part of 
the RAPs and APs processes. Apart from the scheduled workshops, the teams will 
frequently interact with stakeholders for discourse on climate change adaptation, 
not only at the national scale but also with local environmental non-governmental 
organizations (NGOs) and climate change adaptation projects, such as Adaptation 
at Scale in Semi-Arid Regions (ASSAR), Women in Agricultural Development 
(WIAD-MoFA) in Ghana, and the Climate Change, Agriculture and Food Security 
(CCAFS) platform. 

Prospective partners include representatives from ministries working on the NAP 
process, such as the Climate Change Management Department (CCM Dept.), a Zim- 
babwe Designated Authority. We will also reach out to governmental task forces and 
planning groups, such as the National Committee on Climate Change (COMNACC), 
a multi-stakeholder platform whose secretariat is based at the Senegal Ministry of 
the Environment and Sustainable Development (MESD). The CCAFS platform was 
initiated by the International Crops Research Institute for the Semi-Arid Tropics 
(ICRISAT) and is housed at the Ministry of Agriculture, Zimbabwe. 

Other groups include the GIZ-funded Support Project for Science-based National 
Adaptation Planning in Francophone Sub-Sahara African Least Developed Coun- 
tries (PAS-PNA); and Innovation, Environnement, Développement en Afrique (IED 
Afrique), which carried out the Collaborative Adaptation Research Initiative in 
Africa and Asia (CARIAA) project in Senegal. 

Particularly via the work of the A-Teams, AgMIP has the opportunity to con- 
tribute to women’s empowerment and transformation in agriculture. The project 
will reach out to government ministries and women’s civil society groups, offer- 
ing a seat at the table to ensure that women’s rights and gender perspectives are 
included in development of RAPs and NAPs. This will also promote a multiple 
bottom-line approach that flags proposed strategies that would perpetuate or further 
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degrade gender imbalances, while recognizing solutions that advance agricultural 
sector productivity, environmental resilience, service of disadvantaged communi- 
ties, and social advancement including opportunity for women. Relevant questions 
for deliberation include how climate change affects women farmers decision-making 
and how AgMIP can contribute to effective outcomes. In addition to engaging 
with Ghana’s WIAD project, we will also reach out to the UN Women Agricul- 
ture Femmes et Développement Durable (PAF/AGRIFED) programme, which has 
ambitious targets to empower women farmers in the Kolda, Tambacounda, Ziguin- 
chor, and Niayes areas of Senegal by 2021. Stakeholders from these organizations 
will be prioritized as a strategy to ensure successful outreach and engagement. 

This work will liaise with the global NAP network as well as other projects and 
programs, such as CARIAA, CCAFS, and START (an international NGO focused on 
sustainable development training in Africa and Asia), to coordinate with and leverage 
existing activities in the countries of focus. In particular, the CCAFS science-policy 
platform (which serves as a forum where various stakeholders that are relevant to 
AgMIP meet to discuss climate change-related issues) provides a potential plat- 
form for A-Team engagements. In conjunction with the key government and non- 
governmental partners and stakeholders, AgMIP results will be compared with the 
relevant policy/strategies for knowledge gaps or inconsistencies. 

Through the inclusion of their representatives in a series of AgMIP interactions, 
a broad array of organizations will directly benefit by learning how researchers and 
stakeholders establish ground-based and science-tested development plans using the 
AgMIP RIA approach. This follows earlier AgMIP practice in which representatives 
from national and international aid organizations participated in AgMIP workshops 
through out the RIAs. 


Objectives 


The main objectives of the AgMIP A-Team Project are to: 


1. Build on AgMIP prior work to increase national stakeholder capacity to 
develop evidence-based NAPs and related investments through the use of 
science-based AgMIP RIA products. These products include the IE, RAPs, 
and adaptation packages. Increasing national stakeholder capacity also includes 
engaging international stakeholders. The regional teams, working with their 
stakeholders, will develop new adaptation strategies and RAPs that reflect NAPs 
or nationally-determined contributions (NDCs) in the irrespective countries. 

2. Share AgMIP data and evidence-based findings with international devel- 
opment agencies to inform aid projects and related investments, based on 
co-generation practices. The aim is for the data, evidence, and information 
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generated through AgMIP to be shared with and accessed by international stake- 
holders through a targeted subset of products. 

3. Increase the in-country AgMIP A-Team capacity to co-develop information 
products of value to national and international stakeholders. This will involve 
continued training and experiences using “best practices” in stakeholder engage- 
ment, progressing the technical work on the information products previously 
developed, and using evaluation to learn and improve outputs, outcomes, and 
impacts. 


Activities 


To achieve the objectives of the A-Team Project, the following three activities will 
be carried out: 


Activity 1 — Enhance visualization and learning experiences and increase 
access to national and global model projections in the AgMIP Impacts 
Explorer 


AgMIP willimprove the accessibility and usability of data for visualization and deci- 
sion support through the IE. These improvements will involve further development 
of the IE tool for access to and visualization of farming-system-level information 
developed by national teams needed for country-level development policy planning, 
such as NAPs. 

In addition, AgMIP will make available for the first time the curated scientific 
data from coordinated multi-model, global crop model, and global economic model 
projections based on the emissions and socio-economic scenarios developed by the 
global science community. Despite the need for these data by both national and 
international stakeholders, until now they have not been readily accessible outside 
the modeling community. This will result in the following outcomes: increased IE 
capabilities; improved resources that enable stakeholder co-learning on agricultural 
adaptation to climate change; and improved information for decisions in cross-scale 
and transdisciplinary contexts important to stakeholders. 

The expected outputs to enable these outcomes include an update of the IE to 
include refined and expanded results from the RIAs conducted by the A-Teams in 
previous AgMIP phases and tools to assist decision-makers in their planning on 
climate change adaptation. The decision makers specifically targeted are regional 
and national policy officials and program managers of development agencies and 
donors. Specifically, this would be updates to the IE’s three levels of stakeholder 
interaction, followed by expansion to diversify capability at that level, as follows: 
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e Updates to Regional Summary reflecting additional insights from the Key Mes- 
sages; plus expansion to add a section on documented impacts on decision-making 
utilizing these AgMIP RIA results. 

Updates to the Spatial Dashboard including data updates to existing infograph- 
ics and maps; plus expansion to include new maps based on a composite of global 


datasets that provide important cross-scale contexts by connecting global crop and 
economic model results. These will consist of outputs from AgMIP multi-model 
projections of crop yields and of economic model simulations, which together 
bring additional context and understanding of large-scale agricultural sector com- 
petitive balance, import/export trade flows, price and development pressures, and 
analogue regions facing similar climate and socio-economic pressures. 

e Updates to the Data Explorer including 2015-2017 data that are being released 
in 2019; plus expansion to include new data suites made available by AgMIP and 
the A-Teams. 


In addition, we will Prototype an Adaptation Support Tool for stakeholders 
to support their development of adaptation plans by reviewing existing Adaptation 
Support Tools developed by other agencies and adapting and adjusting to address the 
specific needs and steps of national and regional policy officers and fund managers. 


Activity 2 — Design and evaluate adaptations for selected countries 
and farming systems, using appropriate climate scenarios and RAPs 


AgMIP A-Teams will continue their use of the RIA methodology to engage with 
stakeholders in the further identification and analysis of farming system adaptions 
for use in NAPs and other development policy decision-making. This will extend 
previous work by generalizing the earlier sub-national farming system analyses to 
the national level and by extending sub-national RAPs to the national level. A-Teams 
will demonstrate the use the AgMIP IE to access and visualize RIA input and output 
data, and to improve the evidence base for future planning and decision-making. 
Outcomes of this activity include the following: 


e Enhanced scientific information incorporated into NAP processes will utilize the 
IE, AgMIP RAPs, and adaptation package analyses for evidence-based decision- 
making; 

e Increased capacity of stakeholders and scientists for science-based decision- 
making aligned with climate change adaptation priorities across scales and sectors 
(e.g., agriculture, environment, policy development, trade, nutrition and health, 
and finance); 
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e Increased engagement between scientific experts and stakeholders across disci- 
plines, scales, and sectors having links and/or synergies with ongoing implement- 
ing programs and networks for scaling to have more local impact and capacity 
development. 


We will also build on the Aspen Global Change Institute (AGCI) AgMIP 
Next-Generation Food Shock Modeling Workshop in 2019 to help national and 
international stakeholders to use the IE to communicate with and engage broader 
communities, including those working on gender, nutrition and health. 

Expected outputs to enable these outcomes include the establishment of new 
RAPs aligned enable model-based assessment of critical factors within the NAPs and 
climate change programs. These will be augmented by the co-design and assessment 
of additional adaptation packages targeting key production systems according to 
vulnerability and stakeholder interest for the present and future. With these outputs 
in hand, A-Teams and stakeholders will be well positioned to establish proposed 
frameworks for the advancement of adaptation pilot programs that maybe woven 
into existing and planned policy developments (e.g., emphasis on rural markets), 
investments (e.g., infrastructure), and technological advancements (e.g., drought- 
tolerant seed varieties). 

The frameworks are well-suited for integration into climate change adaptation 
proposals for consideration of the Green Climate Fund (GCF) and other funding 
sources as they establish a robust technical method and evidence-based approach 
for assessing and responding to vulnerabilities (including hazards) and opportuni- 
ties. The work packages will also result in new stakeholder-oriented communica- 
tions products (e.g., info-briefs) and key messages, including for the IE. Milestones 
include the creation of the updated version of the RIA Protocols and the Stake- 
holder Engagement Protocols for A-Teams. These are major products that enable 
the scaling of this work to national scale, as well as its transfer to other countries. 


Activity 3 — Coordination, monitoring, and evaluation activities 


A key activity by the Coordination Team will be the development of a sustained level 
of outreach to International Aid Agencies on learning from integrated assessments. 
Additional activities of the Coordination Team include multiple aspects of visual 
and audible communication and outreach, as well as project monitoring, evaluation, 
and assessment. Key outputs include infographics, key messages, information briefs, 
technical and financial reports, workshop and webinar planning, implementation and 
reporting, and related activities to increase awareness of science-informed, gener- 
ated products for improved planning of agricultural development in the present and 
future. 
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AgMIP CLARE Provisional Theory of Change: Strengthened research-stakeholder engagement at national scale, coupled with accessible and comprehensible 
tools for projecting possible outputs or outcomes, leads to improved use of scientific information in national agricultural planning and decision making. 


Fig. 1. Theory of Change (TOC): AgMIP CLARE provisional TOC inputs, processes, and outputs 
towards outcomes and impacts, including assumptions. Further co-development of the TOC will 
identify and collect data on indicators that capture specific information about the outputs and outcomes, 
as well as evidence to document which mechanisms have been active during the project. The intent is 
to capture and document project influence, including during implementation. 


Monitoring and evaluation will be guided by a Theory of Change (TOC) that 
encompasses the following three main components of the project (Figure 1): 


e Expansion of the AgMIP Impacts Explorer; 

e Engagement by the A-Teams that will use the IE, RAPs, and RIAs to support 
decision-making and planning at the national and international levels; 

e Interactions to support decision-making and planning among international aid 
groups and other development-oriented stakeholders. 


The evaluation will assess the extent to which the project achieves the outcomes 
specified in the TOC, addressing the following questions: 


e Who uses the IE, and how — in general, and for decision-making and planning 
at national and international levels in particular; 

e To what extent and how the engagement by the A-Teams advances adaptation 
planning at national and international levels, including: 
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o Roles that the IE, RAPs, and RIA play in the process of advancing adaptation 
planning; 
o Main limitations, and how these may be overcome in the future; and, 


e To what extent the tools and information generated are useful to international aid 
and other development organizations. 


In order to address the first two questions, the team will take a mixed-method 
approach to the evaluation. The team will combine three methods: (a) Comparing 
data on outcomes at baseline and follow-up to assess changes in the outcomes 
that may have been influenced by the project; (b) Theory-based evaluation; and 
(c) Contribution analysis. The latter two approaches investigate if and how the 
project may have influenced the outcomes. The team will also integrate quantitative 
and qualitative data. The evaluation will compare the extent to which the project 
achieves the same outcomes across all three countries in order to understand if, how, 
and why the project performed differently in different contexts. It will also allow for 
investigation of outcomes and causal mechanisms that are specific to each country. 

All three methods are based on the Theory of Change. The project team will 
elaborate a more detailed TOC, which will specify the impact pathways or the 
mechanisms through which the project expects to achieve the intended outcomes, 
e.g., specifying exactly how decision-makers may begin to use the IE and how the 
project expects to influence decision-makers to use science outputs to shape NAPs. 
The A-Teams will identify and collect data on indicators that capture information 
about the outputs and outcomes specified in the TOC, as well as the evidence to doc- 
ument which mechanisms seem to have been active during the project. Contribution 
analysis is a complementary process, which traces contributions that the project 
made to outcomes based on available evidence. The team may revise the TOC and 
collect additional data if new ways in which the project is having influence emerge 
during implementation. 

The data will come from baseline surveys and interviews with stakeholders car- 
ried out at the beginning of the project and follow-up surveys and interviews carried 
out after all activities have been completed. The team will identify stakeholders 
at local and national levels who are relevant to assessing the use of the IE and to 
advancing adaptation planning based on previous AgMIP work. Identification of 
institutions that should be involved in adaptation planning will be done through 
a snowball sampling approach, in which interviewed stakeholders identify other 
decision-makers whom the team should include. 

Surveys will be done through an online platform, such as Survey Monkey. Inter- 
views will be done in person or over the phone. Baseline interviews and surveys will 
serve to inform the work of the team, e.g., by clarifying national adaptation planning 
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processes in the country, as well as the evaluation. Follow-up interviews will clar- 
ify the interpretation of and reasons for the findings that result from the follow-up 
survey. The team will also review documents relevant to national planning. 

The team will examine the third question, whether tools and information are 
useful to international and other development organizations, by conducting a brief 
survey of stakeholders at relevant organizations. Monitoring will include the col- 
lection of data that will serve the evaluation; a subset of those data collected with 
greater frequency will be used to assess whether the project is on track to meet the 
objectives. 

The evaluation team will produce a report that documents lessons for advancing 
science-based adaptation planning in different contexts. The evaluation will strive 
to specify in what contexts the lessons apply and how and where project activities 
can be scaled up. 

The A-Teams will conduct the M&E throughout the project, participating in 
identifying specific questions to be addressed in each country, the planning, design, 
data collection, and data analysis. The Evaluation Lead will train and guide the teams. 


Gender and Equality Considerations 


The project aims to influence climate action through the development of decision 
support tools and engagement with stakeholders at local and national levels to 
improve the relevance and use of those tools. Modeling studies will provide a quan- 
titative assessment of how adaptations and related policy interventions affect the 
distribution of farm household income, poverty rates, and food insecurity, and these 
data will be made available in the Impacts Explorer. Analyses will also evaluate how 
adaptations and policies differentially impact men and women, young children, and 
elderly members of farm households in terms of production activities, off-farmwork, 
control over assets and income, and access and utilization of food. The A-Teams 
will include female stakeholders and representatives from organizations that serve 
disadvantaged groups in the workshops and other stakeholder interactions. 


Route to Achieving Scale, Uptake, and Impact 


The AgMIP A-Team Project will re-engage with the DFID RIA teams in countries to 
engage national stakeholders in the development of national-level RAPs, new adap- 
tation packages, and the IE, an enhanced decision support tool. It will further engage 
with other international groups, such as CARIAA, CCAFS, and START, GIZ, and 
their projects in region. Through this process, it will take stock of existing adaption 
options, comparing and linking them to new adaptation options where needed for 
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implementation by national decision-makers in representative sub-regions in the 
targeted countries. 

Using the national RAPs and available national data, the A-Teams will incorpo- 
rate the analysis of key farming system adaptations into national-level analysis of 
adaptation plans. In Senegal, a proof-of-concept will be developed for national-scale 
analysis that combines RAPs, farming system adaptations, and a national-level pol- 
icy model. We will use the International Food Policy Research Institute’s (IFPRI) 
national-scale economic IMPACT model (IMPACT-SIMM) in Senegal to assess the 
effect of RAPs and adaptation packages for rainfed (i.e., non-irrigated) crops on the 
following indicators at the national scale: crop prices and production, consumption, 
and trade. Teams in Ghana and Zimbabwe will explore opportunities to work with 
the IFPRI to develop similar national-scale versions of IMPACT-SIMM for their 
countries. 

This project will build on and extend the AgMIP RIA work through the devel- 
opment of in-country A-Teams and enhanced technical work on the IE, RAPs, and 
adaptation packages. All of these will be accomplished through national stakeholder 
engagement that utilizes these decision support tools. Results will be synthesized 
into stakeholder-relevant communications, including the new version of the AgMIP 
IE, for dissemination nationally and internationally. 

The monitoring and evaluation will elaborate on successes and obstacles encoun- 
tered by the project, the reasons for them, and how the successes and limitations 
may depend on context. It will thereby provide lessons for scaling up components 
of the project in the future, as well as suggestions for improving elements that were 
less successful. 


Conclusion 


Establishment of models and simulations is not an end in itself but serves the purpose 
of informing decisions about improving adaptation to climate change. Since all coun- 
tries face great challenges and uncertainties in the future, AgMIP approaches and 
tools can help to evolve stakeholder decision-making towards sustainable futures. 
Efforts are in place to build upon the AgMIP network for upscaling climate change 
vulnerability assessments, local-level risk profiling, adaptation planning, and learn- 
ing processes, informed by solid research through individual efforts and grant appli- 
cation. Priorities include the following: 


e Provide feedback from AgMIP research, scenarios, and impacts assessments to 
inform national-to-local priorities for policy, research, and development. In low 
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and middle-income countries, these currently are often development-based, with- 
out understanding possible context-specific climate challenges in the future. 
Continue to develop the virtual platform, Impacts Explorer (http://agmip-ie. 
alterra.wur.nl/), as a public good to share the knowledge outputs of AgMIP 
projects, as well as future projects with similar research focus, with actors and 
users, researchers, and decision and policy-makers to provide opportunities for 
complementary contents and to inform upscaling. 

Expand multiscale approach, strategically providing national departments and 
networks with information on vulnerability and adaptation impacts for specific 
agricultural production systems, to inform context-specific adaptation options and 
processes. 

Promote participatory scenarios and development processes to strengthen the 
interface between high-impact interventions on the ground and guiding decision- 
makers on supporting uptake, integration, and synergies. 

Build capacity of national researchers and government staff in accessing and 
using climate and other scenarios and simulations, broadening the use of these 
approaches, and learning capacity through implementation and verification. 
Further explore climate change adaptation options as important alternatives to cur- 
rent advisory services co-designed with local stakeholders and farmers, matching 
expertise and projections with context-specific knowledge, e.g., for prioritizing 
crop improvement with a better understanding about future conditions. 

Include more strategic and direct involvement of policy advisories in research 
proposals and processes, setting the agenda and shortening feedback time, and 
thus further elaborating how research can be used more effectively to influence 
policy processes. 

Promulgate principles of conducting research to strengthen decision and imple- 
mentation processes (both technical and political) along sustainable trajectories. 
These include: 


o Credibility, by drawing on the AgMIP global science initiative for the co-design 
of scenarios following systematic approaches and protocols. 

o Legitimacy through multidisciplinary co-design processes, scenarios, and 
adaptation options as outcomes from farmer to policy-maker cross-scale 
dialogue. 

o Confidence and facilitated research uptake as research outcomes build on the 
integration of scientific and local expertise. 

o Ownership where stakeholders themselves define priorities and options, and 
researchers welcome their incorporation. 
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o Out-of-the-box testing for transformative interventions and trade-offs, so as to 
integrate options for diverse agricultural production systems. 

o Broader look at food systems, beyond agricultural production to include social 
issues, notably gender and nutrition. 

o Bridge to communication science so that stakeholders are integrated not only as 
passive receivers of information, but as active participants involved in analyses 
and implementation. 
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